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The main theme of this thesis is to study anisotropic phonon transport in 
two types of materials: two-dimensional layered materials and materials with 
threading dislocations. The layered materials have shown promising properties 
for potential applications in electronics and optoelectronics. In some compound 
semiconductors, such as GaN, InN and GaAs, threading dislocations are very 
common defects which will greatly affect their performance. In this thesis, 
anisotropic thermal properties in both types of materials will be studied.  
In the research of phonon transport in nanostructures, accurate 
measurement of thermal conductivity is essential for researchers. Time-domain 
thermoreflectance (TDTR) has been proved to be a valid and robust tool for 
thermal conductivity measurement. However, the surface quality of a lot 
nanostructured materials is not good enough to do valid TDTR measurements. 
In order to solve this problem, I systematically studied how the leaked pump 
beam, which is diffusively scattered from rough surfaces, affect TDTR 
measurements, and pointed out it is the reflected probe beam that modulated the 
leaked pump beam at the photodiode. Based on the above understanding of how 
leaked pump beam affects TDTR measurements, I developed a new method to 
measure samples with rough surface – the pump-leak correction approach. 
Using this approach, I can deduct the contribution of leaked pump beam from 
out-of-phase signal directly without adding new components in the system or 
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future treatment of measured data. I employed the pump-leak correction 
approach to measure a series of materials with substantial amount of pump leak, 
and got similar results with measurements on those with smooth surfaces. 
Generally, my method has higher signal to noise ratio (SNR) than the two-tint 
approach of TDTR measurements. 
I then measured anisotropic thermal conductivity tensor of bulk black 
phosphorus from 80 K -300 K using beam-offset TDTR and TDTR method, in 
order to study its intrinsic anisotropic phonon transport. It is the first time that 
bulk BP thermal conductivity tensor was measured from 80 K – 300 K, which 
provides a good reference for other studies. Our results are with high accuracy 
and in good agreement of the first-principle calculations. We observe a T-1 
dependence for the all three components of the thermal conductivity tensor and 
thus conclude that phonons are mainly scattered by the Umklapp processes in 
all crystallographic orientations in BP. Furthermore, the frequency dependence 
measurements of through-plane thermal conductivity of BP, together with the 
measurements of through-plane thermal conductivity of BP flakes, as well as 
our first-principles calculation, reveals that the phonon mean free path in 
through-plane direction is comparable to those of the two in-plane directions, 
while the thermal conductivity is much lower.  
I also present the first experimental evidence of the anisotropic scattering 
of phonons by threading dislocations. Our samples are 2-µm-thick (0001) 
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oriented wurtzite InN films epitaxially grown on GaN/sapphire substrate by 
molecular beam epitaxy (MBE), with the threading dislocation density ranges 
from 5×109 to 3×1010 cm-2. We verified that most threading dislocations are 
perpendicular to the sample surface and estimated the threading dislocation 
density using the images of transmission electron microscope (TEM) and X-ray 
rocking curve. We measured the in-plane Λin and through-plane thermal 
conductivity ΛTP of the InN films by time-domain thermoreflectance (TDTR), 
for a temperature range of 80 – 300 K. The strong anisotropy at low 
temperatures suggests that there is an extra phonon scattering mechanism in the 
in-plane direction, which is perpendicular to the direction of dislocations. I 
attribute the anisotropic reduction of thermal conductivity at low temperatures 
to anisotropic scattering of phonons by threading dislocations, which is 
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Understanding thermal transport in materials is crucial to the design of 
functional materials and various type of nanostructures and devices[1, 2]. On 
one hand, thermal performance itself is one of the most important concerns for 
applications such as thermoelectric materials, thermal barrier coatings and so 
on. For example, in the research area of thermoelectrics, enormous efforts have 
been paid to reduce thermal conductivity by using nanostructures [3, 4] and 
composites [5, 6]. Remarkably low thermal conductivities have been achieved 
to obtain high thermoelectric conversion efficiency. On the other hand, effective 
thermal management is vital for energy intensive devices and structures. The 
significant decrease of sizes and increase of operating frequencies of devices 
makes it much harder for heat dissipation. Better understanding of heat transfer 
at nanoscale is required to help manipulate heat at more intensive thermal 
conditions.   
Like other properties (mechanical, optical and electrical etc.) of materials, 
anisotropic thermal properties wildly exist and sometimes this feature can be 
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very useful. For example, black phosphorus has asymmetric in-plane structure 
[7]. The thermal conductivity along its zigzag direction is about 3 times larger 
than that along the armchair direction [8-10]. Meanwhile, experimental results 
show that both the electrical conductivity and the Seebeck coefficient along 
zigzag direction are smaller than those along armchair direction, opposite to the 
trend of thermal conductivity [11, 12]. This might be interesting in 
thermoelectric applications. Moreover, in low-dimensional nanostructures 
where one or two dimensions are limited, thermal transport along the limited 
dimension show a different property with along the dimension that is not limited. 
This will also lead to the anisotropy in thermal properties.  
In the diffusive regime, the governing rule of thermal transport through a 
material is the Fourier’s Law of heat conduction, 
 J T    (1.1) 
where J is heat flux density, T is temperature gradient and Λ is the thermal 
conductivity of the material. Λ is a tensor, meaning that it might have different 
values in different directions. For example, it is well known that the in-plane 
thermal conductivity of pyrolytic graphite (~2000 W m-1 K-1) is much larger 
than  its through-plane value (~6 W m-1 K-1) [13, 14]. Similarly, materials such 
as BN and MoS2 have distinct through-plane and in-plane thermal 
conductivities due to their anisotropic crystal structure [14-17].   
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In crystalline semiconductors and dielectrics, the dominant heat carriers are 
phonons, which is the quanta of wave-like lattice vibrations. Under the phonon 
picture [18], phonon thermal conductivity Λ in a certain lattice axis i can be 







( ) ( ) ( )
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          (1.2) 
 where C is the volumetric heat capacity, i.e. heat capacity per unit volume, 
ν is sound velocity, τ is the relaxation time which means the average time before 
phonon is scattered. The phonon mean free path – the average distance phonon 
travels before scattered, is the product of sound velocity ν and relaxation time 
τ. The symbol α represents phonon polarization modes. While heat capacity is 
only a function of phonon frequency ω and temperature T and shows no 
anisotropy, the phonon velocity ν and phonon relaxation time τ both depend on 
the direction and phonon polarization [19]. 
The phonon velocity ν can be derived from the phonon dispersion, which 
shows the wavevector dependent phonon frequencies. Fig. 1.1 shows the 
phonon dispersion of graphite, which indicates huge variations of phonon 
velocity along different directions. For acoustic phonons, the phonon velocity 
along c-axis is much smaller than that in a-b plane. Such anisotropy will lead to 
anisotropic thermal conductivities along different axes. 
The phonon relaxation time τ is determined by phonon scattering 
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mechanisms. In pure bulk crystals, τ is primarily determined by phonon-phonon 
Umklapp scattering [20] and phonon scattering by isotopes [21]. In 
nanostructured materials, phonon may be scattered by interfaces[22], 
imperfections (various type of defects and dislocations)[23, 24] and grain 
boundaries[25]. Such scattering mechanisms will limit the phonon mean free 
paths and thus result in a reduced thermal conductivity. Especially, in 
nanostructured materials, the anisotropy of phonon transport is common as 
phonon mean free path will be limited by anisotropic dimensions[26]. For 
example, theoretical result reveals that thermal conductivity of silicon-on-
insulator (SOI) show obvious anisotropy on in-plane and through-plane thermal 
conductivities even at room temperature when the orientation of silicon 
membrane is [001], [111] or [011], due to the interplay between phonon 
dispersion anisotropy and boundary scattering of phonons [27]. However, 
experiment demonstration of the anisotropic phonon transport still lacks and 





Figure 1. 1 Phonon dispersion of graphite [19]. (a) Brillouin zone of graphite. 
(b) phonon dispersion of graphite along Γ-A direction. (c) In-plane phonon 
dispersion of graphite.  
The objective of this thesis is to study anisotropic phonon transport. In this 
thesis, I studied two types of materials with anisotropic thermal conductivities: 
materials with layered structure and materials with threading dislocations which 
are perpendicular to the film surface. The emergence of two-dimensional layer 
materials, such as graphene[28], black phosphorus[29] and transition metal 
dichalcogenides (MoS2, WSe2, etc.)[30], provides us a unique platform to study 
the intrinsic anisotropic thermal conductivities. Such anisotropy results from the 
difference of phonon dispersions as well as the difference in anharmonicity [19]. 
In some important semiconductors such as indium nitride and gallium arsenide, 
threading dislocations are usually formed in the growth process[31, 32]. Such 
nanostructures provide us the opportunity to study extrinsic anisotropic thermal 
properties due to anisotropic phonon scattering by threading dislocations, which 
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will help us better understand heat transport in materials with threading 
dislocations.  
1.2 Thermal measurement methods 
In this section, I will briefly review several thermal measurement 
techniques wildly used other than time-domain thermoreflectance. 
In the research area of nanoscale thermal transport in solids, a key issue is 
to measure the thermal conductivity and interfacial thermal conductance 
accurately to advance our understanding on how phonons transport in various 
types of nanostructures. The most widely used methods in current research 
community include differential 3ω method[33], micro-Raman[10], thermal-
bridge method as well Time-domain thermoreflectance (TDTR)[14, 34] and 
Frequency-domain thermoreflectance (FDTR)[35]. All the measurements in 
this thesis were conducted using TDTR. 
The 3-ω technique is a wildly used method to measure thermal diffusivity 
and conductivity of bulk materials and thin films[33]. It utilizes a 
microfabricated metal line deposited on the specimen to serve as a heater and 
as a thermometer. Alternating current (AC) is used in 3ω measurements since 
direct current measurements (steady state joule heating) require long time to 
reach equilibrium and are vulnerable to radiation and convective losses. The AC 
voltage signal is used to excite the heater at a frequency ω, then the periodic 
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heating generates oscillations in the metal line at a frequency of 2ω. In turn, this 
results in 3ω in the voltage signal, which is used to infer the magnitude of the 
temperature oscillations. The frequency dependence of the oscillation amplitude 
and phase can be analyzed to obtain the thermal conductivity of the specimen. 
The 3ω technique greatly reduces the heat-affected region since the magnitude 
of the temperature oscillations decay exponentially away from the resistive line 
heater. Equilibration times are drastically reduced comparing with steady state 
joule heating because the magnitude of the temperature oscillations reaches 
dynamic equilibrium within a few cycles of oscillation[36]. 
Raman thermometry is a well-established non-contact method for thermal 
conductivity determination. Unlike TDTR, it monitors the thermal dependent 
shift of Raman peaks rather than the change of reflectivity to measure the 
thermal conductivity[37]. Although the sensitivity to Raman shifts is believed 
to be much higher (10-2 K-1) than that of thermoreflectance signal (10-4 K-1)[38, 
39], the TDTR measurement has a much smaller uncertainty, orders of 
magnitude, than Raman thermometry since the employment of frequency 
modulated heating source and lock-in detection in TDTR greatly improves the 
accuracy of measurement.  
The thermal-bridge method utilizes micro fabricated devices to measure 
thermal properties. A typical device makes use of two suspended silicon nitride 
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platforms with integrated metal (usually Pt) resistance loops served as both 
heater and sensor. The specimen (nanowires, nanoflakes, membranes, etc.) was 
placed to bridge the two platforms. In the measurement, one platform will be 
heated up by applying a DC current, and the temperature rise of both ends of 
specimen will be inferred at the heater and sensor sides. The total thermal 
resistance between heater and sensor is then calculated. The disadvantage of this 
method is that the measured thermal resistance will contain two interfacial 
thermal resistances between specimen and the two platforms. More detailed 
information on this technique can be found in ref. [40]. 
As we mentioned above, in thermal bridge technique, the measured thermal 
resistance contains interfacial thermal resistance and parasitic contact resistance, 
which is a systemic error and will lead to wrong measurements, especially when 
the thermal resistance of the specimen is small. Previous approach to get rid of 
such interfacial thermal resistance was length dependent measurements, i.e. 
change the length scale of the specimen. In 2013, Liu and Thong [41] developed 
a new technique, focused electron beam heating technique, to overcome this 
problem. Similar to the configuration of thermal bridge method, in the electron 
beam heating technique, the specimen was placed and suspended between two 
silicon nitride platforms with integral Pt loops, which serve as thermometers. 
An electron beam is focused on the specimen and act as heat source. By moving 
this electron beam, thermal conductivity can be derived from the change of 
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thermal resistance as a function of position, which is from the heat source to the 
sensor. This way the parasitic thermal resistance is not accounted in the 
derivation of thermal conductivity of sample, thus the error in thermal bridge 
method will be avoid in this technique. This technique can be seen as a great 
improvement for thermal bridge method. 
Broad-band frequency-domain thermoreflectance (BB-FDTR) is derived 
from conventional FDTR apparatus[42, 43]. For BB-FDTR, it utilizes 
continuous wave lasers so that the modulation frequency can be infinite 
theoretically. However, in reality the signal to noise ratio is limited when 
modulated at high frequency. The BB-FDTR apparatus make use of additional 
modulation of the probe beam heterodyning thermal signal, which will allow 
accurate measurements at lower frequencies while heating at a much higher 
frequency. In ref.[43], they achieved a measurement frequency range broadly 
from 200 KHz to 200 MHz. Since modulation frequency f determines heat 
diffusion length for a certain material, when heat penetration length is 
comparable to phonon mean free path, a reduced thermal conductivity will be 
measured as low frequency phonons will not contribute[44]. This technique has 




1.3 Recent advances on phonon transport research 
For the last decade, much effort has been devoted to direct probe phonon 
mean free path experimentally. The measurement principle is quite similar for 
various methods. That is, when phonons have mean free path longer than the 
heater dimension/probing length, the measurement will result in a lower thermal 
conductivity using a diffusive model, as these phonons are ballistic and hence 
not probed. By varying the heater dimension/probing length, the contribution to 
the total thermal conductivity from phonons with different mean free paths will 
be mapped. Koh and Cahill found that varying modulation frequency hence heat 
diffusion length in TDTR measurements, the distribution of phonon mean free 
paths can be probed from the results of diffusion length dependent thermal 
conductivity in semiconductor alloys[44]. Minnich and co-workers probe the 
distribution of phonon mean free path by varying the laser spot size in TDTR 
measurements[45]. For both methods, the probing phonon mean free paths are 
greatly limited by available frequency and beam spot size that can be used in 
TDTR. Normally the frequency ranges from 0.5 MHz to 20 MHz in TDTR, 
which means that the heat diffusion length can only be changed by a factor of 
~6. To probe more broad phonon mean free path distributions, Regner and 
Malen introduced a BB-FDTR technique in which the frequency of heating 
source can be 200 KHz to 200 MHz[42, 43]. Hu and co-workers used micro 
fabricated Aluminum arrays as the transducer layer in TDTR measurement[46]. 
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The Al islands also serves nano-heaters and can be as small as 30nm. By doing 
so they can probe up to 95% mean free path distributions from all phonons 
modes. Zeng and co-works used a similar technique but use Al lines instead of 
islands to facile the fabrication[47]. The experimental results of both methods 
agrees well with the first-principles simulations, showing the ability to 
accurately probe the spectral distribution of all phonons. 
The research on thermal transport in two-dimensional (2D) layered 
materials has also attracted enormous research focus in the past a few years. 
Since A. Balandin measured the thermal conductivity of single layer graphene 
using Raman thermometry and find that its thermal conductivity (4840 ± 440 – 
5300 ± 480 W m-1K-1) is more than two times larger than the in-plane thermal 
conductivity of highly oriented pyrolytic graphite (HOPG, ~2000 W m-1K-1)[48, 
49], experimental and theoretical efforts have been devoted to explore the 
mechanism for such high thermal conductivity. It has been found that the out-
of-plane (ZA) phonons play a key role for the high thermal conductivity of 
single layer graphene. Theoretical study has found that in single layer graphene 
sheet, n-phonon scattering process will be forbidden if an odd number of out-
of-plane phonons are involved[50, 51]. This mechanism significantly increases 
the intrinsic scattering time of ZA phonons in single layer graphene and results 
a dominate contribution to the total thermal conductivity from ZA phonons. Xu 
et. al. observed strong length dependent thermal conductivity in suspended 
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single layer graphene, which can be explained by the large phonon mean free 
paths of ZA modes resulting from the long intrinsic scattering time of ZA 
phonons[52]. Due to technical challenge for accurate measurement the thermal 
conductivities of single-layer or few-layer graphene and other 2D materials, 
there’s plenty of room to be explored in this area. 
1.4 Brief review of anisotropic phonon transport 
The anisotropy of phonon transport mainly results from the following 
reasons: 1) The highly anisotropic phonon dispersion along different principal 
axes of crystals due to anisotropic lattice structure, such as graphite and quartz. 
2) anisotropic phonon relaxation time of various scattering mechanism, 
including but not limited to, phonon-phonon Umklapp scattering, phonon 
boundary scattering, phonon defect scattering. 
Anisotropic crystals have anisotropic thermal conductivities mostly due to 
the phonon dispersion [10]. Sound velocities will be different due to anisotropic 
phonon dispersion. However, not all crystals with anisotropic phonon dispersion 
show clear anisotropic thermal conductivity. For example, wurtzite structure is 
anisotropic. Materials with wurtzite structure, such as GaN, show no clear 
anisotropic thermal conductivity, as the sound velocities are almost isotropic 
although with an anisotropic phonon dispersion [53]. 
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In nanostructures, phonon boundary scattering will lead to anisotropic 
thermal conductivity. For example, Liu et. al. found that the in-plane thermal 
conductivity in Si/Ge superlattice with period of 2 nm is almost 4 times larger 
than its through-plane thermal conductivity [54]. Similarly, Luckyanova and co-
workers experimentally determined the anisotropic thermal conductivity in 
GaAs/AlAs superlattices using TDTR and transit thermal grating method [26].  
Phonon spin scattering also introduce anisotropic thermal conductivity for 
an isotropic crystal. Gorfryk and co-workers [55] found that UO2 has 
anisotropic thermal conductivity although its cubic crystal structure is isotropic. 
The anisotropy is explained by the phonon-spin scattering coupling to the 
applied temperature, which breaks the cubic symmetry.  
Phonon scattering by highly oriented threading dislocation will lead 
anisotropy in thermal conductivity, which was proposed by Klemens [56] and 
will be experimentally demonstrated in Chapter 5 of this thesis. 
While there are many opportunities to be explored in anisotropy of thermal 
conductivity, accurate measurement of such anisotropy is important and 
challenging. The easiest method to measure anisotropic thermal conductivity is 
to cleave crystals along planes perpendicular to crystals’ principal axes [57], 
then measure them using the methods mentioned in previous section. However, 
this method is tedious and can only be applied to measurements on high-quality 
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crystals. Feser et. al. [58] extended TDTR to measure thermal conductivity 
tensor of samples lack of in-plane symmetry, which is called beam-offset TDTR 
in this thesis. The beam-offset method has been proven to be valid on measure 
anisotropic thermal conductivity tensor of bulk materials and thin films. 
Meanwhile, Mishra and co-workers [59] extended 3 ω method to measure 
arbitrary anisotropic thermal conductivity tensor. For materials that cannot be 
measured using beam-offset TDTR or 3ω method, micro Raman or thermal 
bridge method [11] might be used to extract anisotropic thermal conductivity 
tensor.  
1.5 Outline of this thesis 
This thesis is organized as follows. 
In Chapter 2, I will describe the experimental technique I used in this thesis 
to measure anisotropic thermal conductivities. The TDTR experimental setup, 
isotropic model and anisotropic model for TDTR analysis and the method for 
estimation the measurement uncertainty will be described. Based on the 
technique, measurement of three-dimensional thermal conductivity tensor is 
achieved using beam offset TDTR method. This is the foundation for my 
exploration of intrinsic and extrinsic anisotropic thermal properties of various 
materials.  
In Chapter 3, I extended the TDTR technique to measure thermal properties 
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on samples with rough surfaces. Conventionally, TDTR measurements on rough 
surfaces usually lead to wrong results since artificial signals also contribute to 
the measurement. The artificial signals result from the diffusive scattering of 
pump beam from rough surfaces and cannot be physically blocked, as we 
normally did for smooth surfaces. In this chapter, I identified the source of 
artificial signals and systematically studied how it contributes to the TDTR 
measurement, which enables eliminating it during TDTR measurements using 
a simple pump-leak correction method. This technique helps to improve the 
accuracy in TDTR measurements on samples with rough surfaces. 
In Chapter 4, I measured the three-dimensional thermal conductivity tensor 
of bulk black phosphorus (BP) at 80 K - 300 K, which lacks the in-plane 
symmetry.  My results show the thermal conductivities of BP along the three 
principal axes, namely the zigzag, armchair and through-plane directions, are 
highly anisotropic. The thermal conductivity ratio is about 12.8 : 4.3 : 1. For all 
three thermal conductivities along the three highly symmetric directions, they 
show temperature dependence of ~ T-1. Comparing with theoretical predication 
of the in-plane thermal conductivities of phosphorene, my results are ~30% 
lower for zigzag direction and ~10% lower for armchair direction, which maybe 
result from the low contribution of ZA phonons in bulk BP. I then compare my 
results with previous measurements of BP flakes and BP nanoribbons, in order 
to extract the information of phonon mean free path. I also found slight 
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frequency dependence of through-plane thermal conductivity, implying that 
phonon mean free path along through-plane direction is much longer than those 
along the two in-plane directions.   
In Chapter 5, I explored the anisotropy of thermal conductivities of InN 
with different threading dislocation densities, to study phonon scattering by 
threading dislocations. I verified that most threading dislocations are 
perpendicular to the sample surface and estimated the threading dislocation 
density using the images of transmission electron microscope (TEM). I 
measured the in-plane Λin and thourgh-plane thermal conductivity ΛTP of the 
InN films by time-domain thermoreflectance (TDTR), for a temperature range 
of 80 – 300 K. We find that ΛTP = 95 W m-1 K-1 at 300 K and 400 W m-1 K-1 at 
80 K when the treading dislocation density is 1×1010 cm-2, ~50% lower than the 
through-plane thermal conductivity of bulk InN predicted by first-principles 
calculations. I attribute the reduction to the additional scattering of phonons by 
point defects in the InN films. I observed a temperature dependence of T-1 for 
ΛTP, similar to that of the first-principle calculations of bulk InN, suggesting 
that phonons are predominantly scattered by the Umklapp processes in the 
through-plane direction. However, for Λin, while at 300 K Λin = 88 W m-1 K-1 
similar to ΛTP, Λin = 52 W m-1 K-1 at 80 K, a factor of 8 lower than the ΛTP value 
at 80 K. The strong anisotropy at low temperatures suggests that there is an extra 
phonon scattering mechanism in the in-plane direction, which is perpendicular 
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to the direction of dislocations. I attribute the anisotropic reduction of thermal 
conductivity at low temperatures to anisotropic scattering of phonons by 
threading dislocations.  
At last in Chapter 6, I summarized my work and discussed possible research 






2.1 Time-domain thermoreflectance (TDTR) 
The main technique used in this thesis to measure thermal conductivities is 
time-domain thermoreflectance, which is an optical pump-probe technique 
using a femtosecond Ti: Sapphire pulsed laser output. The detailed illustration 
of the TDTR setup used in this thesis which is located at Prof. Koh’s 
nanothermal engineering lab in NUS is shown in Fig. 2.1. 
Before thermal measurements using TDTR, a thin metal film is deposited 
on top of the substrate. In our lab, we normally thermally evaporating 
Aluminum film with thickness of ~80 nm onto the substrate. We make use of 
the high thermoreflectance dR/dT of Al (~10-4 K-1) [38]. In Fig. 2.2 the 
thermoreflectance dR/dT values of different metal transducers are shown, and 
the thermoreflectance of Al is among the best of all the metals investigated. 
Other common used metal transducers in our lab are Ta and Cr. In ref. [58], NbV 
alloy is suggested for use when a transducer with low thermal conductivity is 
needed. Normally we use acoustic echoes to determine the film thickness, see 
Fig.2.3 for details. The use of acoustic echoes to determine Al film thinner than 




Figure 2.1 (a) Time-domain thermoreflectance (TDTR) setup in Prof. Koh’s 
nanothermal engineering lab at National University of Singapore. (b) The 







Figure 2.2 Absolute values of thermoreflectance dR/dT for commonly available 
metals at wavelength of 785 nm. Open circles denote positive values while filled 
circles denote negative values[42]. 
 
 
Figure 2.3 In-phase signal measured on Al/Si sample from -20 ps to 125 ps. 
There are 4 acoustic echoes shown in this.  
  
 
 The time interval between acoustic echoes is the time for phonons to travel 
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s echoh v t   (2.1) 
where vs is the speed of sound and techo is the time interval between two 
nearest echoes. For Al, it is easily oxidized in ambient conditions and AlOx was 
formed. The thickness of AlOx can be determined by XPS spectrum and details 
can be found in ref. [60]. 
The output of Ti: Sapphire laser was split into two beams using a polarized 
beam splitter, the s-polarized pump beam and the p-polarized probe beam. The 
pump beam is modulated by the electro-optical modulator (EOM) at a radio 
frequency f. The pump beam then heats the Al/sample surface periodically. 
Surface temperature change of Al/sample are monitored by the probe beam via 
the changes of reflectance R with temperature T, i.e. dR/dT, which is the 
thermoreflectance of Al. The probe beam is variably delayed with respect to the 
pump beam by employing a delay stage. By comparing the measured signal to 
that simulated using thermal model [14, 34, 58, 61], I can obtain the thermal 
conductivity of sample and thermal conductance of metal transducer/sample 
interface. 
In our TDTR setup, the Ti: sapphire laser has a broadband tunable output 
wavelength, 690 nm – 1100 nm. However, due to most of optics is optimized 
around 800 nm, it is not recommended to tune the wavelength out of the range 
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700 nm to 900 nm to prevent any potential damage. The laser’s repetition rate 
is 1/τ=80 MHz. The output power of our laser is ~3.5 W. This power will be 
reduced by a half-wave plate and the polarizer installed inside the optical 
isolator. The polarizer is fixed, and tune the half-wave plate will reduce the 
output power to what we expected.  
 The laser is then split to two beams after passing through a polarized beam 
splitter (PBS). The power ratio of the two beams, pump beam and probe beam, 
can be tuned by the half-wave plate before PBS. The pump beam is s-polarized 
and the probe beam is p-polarized after the PBS. In the optical routes of both 
pump beam and probe beam, plano-convex lens of 2 m focal length are used to 
keep the laser beam from diverging. The position of the 2 m lens at the pump 
route is chosen so that the waist was at the sample position when the delay stage 
locates at the middle position of its travel range. This way the change of spot 
size will be limited to, in our case, less than 5%, when the delay stage position 
shifts from the beginning to the end.  
 The pump beam will be modulated by the EOM at a radio frequency f. 
Normally f from 500 KHz to 10 MHz is used in our lab. The pulse train of pump 
beam will be chopped by EOM with a duty cycle of 50%. The pump beam is 
then deflected by a PBS and focused on the sample surface by long work 
distance objective. The probe beam will be modulated by a mechanical chopper 
and also deflected by a beam splitter (BS) and focused on the same spot of the 
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sample surface. The pump beam serves as the heater which heats the sample 
with frequency f, thus the reflected probe beam will carry signal with f 
component due to thermoreflectance.  
 Both pump and probe beams will then be reflected from the sample surface. 
The reflected pump beam will be significantly attenuated when passing through 
the PBS, since it is s-polarized. I use an aperture with tunable positon to block 
the reflected pump beam while the reflected probe beam will pass through. See 
Figure. 2.1 for the aperture position. The reflected probe beam is then detected 
by a fast Si photodiode. Please note here that the positon of photodiode should 
not at the focal plane to avoid possible damage due to high power of reflected 
probe beam. 
 The output of the photodiode is then connected to the radio frequency (RF) 
lock-in amplifier locked at f, which is the modulation frequency of pump beam. 
Using RF lock-in amplifier will effectively pick the signal at ±f in and thus 
greatly improve the signal to noise ratio. 
 In theory the RF lock-in amplifier only picks signals at ±f with a narrow 
bandwidth (~3 KHz). In real experiments, since square-wave reference will be 
used in our lock-in amplifier (SRS 844, Stanford Research Systems), the odd 
harmonics of f will also be detected. To remove the odd harmonics, an inductor 
will be serially connected at the output of photodiode, to form RLC resonate 
circuit with the shunt capacitance of photodiode. The photodiode can be seen as 
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a current source in parallel with a capacitor CJ. 
 
Figure 2. 4 Schematic illustration of RLC circuit. The shunt capacitance of 
photodiode CJ, the inductor L and the load RLI form an RLC resonate circuit 
[62]. 











  (2.2) 
And the center frequency can be estimated to be 1/ 2 JLC   
 
Figure 2. 5 Characterization of resonate circuits.  
In Fig. 2.5, The open circles are readings from lock-in amplifier and the red 
lines are calculations using Eq. (2.2). (a) 9.8 MHz resonate frequency result 
from a 12.2 µH inductor. Q factor can be calculated to be 11.3. (b) 5.4 MHz 
resonate frequency result from a 37 µH inductor. Q is 15.7. The shunt 
capacitance in the photodiode is 22 pF. 
The output of RF lock-in amplifier has an in-phase component Vin and an 
out-of-phase component Vout. In our setup, we also modulated the probe beam 
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at an audio frequency (AF, 200 Hz). Thus Vin and Vout are both 200 Hz signal. 
We use a computer based AF lock-in amplifier to extract the amplitude of Vin 
and Vout. By using such dual-modulated configuration, we can enhance signal 
to noise ratio (SNR) while using a small time constant (TC = 100 µs), which 
speed up our measurement. More detailed discussion on this topic will be 
appeared in the next chapter. 
By tuning the position of pump beam, Vin and Vout are maximized when 
pump and probe beam overlap at the sample surface. The pump beam is 
deflected on the sample surface by a PBS, which mount in a Gimbal mount with 
high precision micrometers. In our TDTR system, Δθx=36 µrad and Δθy=25 
µrad for 1 µm motion of x and y micrometers, respectively. Δθx and Δθy are 
measured using a knife edge. With a focal length F, the deflection angle Δθ will 
lead to lateral displacement of FΔθ at the focal plane. 
 




2.2 Models for TDTR 
 The thermal model for TDTR is the exact numerical solution of heat 
diffusion equation for a multilayer structure, with surface heating and sampling 
by modulated pulsed laser with Gaussian distribution. The detailed model can 
be found in[34, 58, 61, 63]. In this part, I have no intention to reproduce the 
established model since the details are already there. The purpose of this part is 
just to identify where the differences of isotropic and anisotropic models result 
from, and to show the ability of TDTR to measure three-dimensional thermal 
conductivity tensor. 
 For a multilayer structure heated by point source with modulation 
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where B+ and B- are the amplitude of thermal wave traveling forward and 
backward, respectively, and L is layer thickness, γ = Λu, n is the layer number 
and n=1 for surface layer. u is from the solution of heat diffusion equation. 
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where D is the heat diffusivity, that is where u come from. In order to include 
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, we can extend the numerical solution 
of heat diffusion for layered structure introduced in ref.[63] to be three-
dimensional. This is exactly what ref. [34] used. 
 In equation (2.6), the thermal conductivity is isotropic, i.e. in-plane thermal 
conductivity is the same with through-plane thermal conductivity. When the in-
plane thermal conductivity is different from that of through-plane direction, we 
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. When Λz is known, equation (2.6) can be used to calculate Λr. 










 which is used in refs. [14] and [61]. 
 When the in-plane thermal properties are not isotropic, such as thermal 
conductivity is different along different in-plane orientations, we can modify 
the Eq. (2.6) and using x  and y  rather than r . Here we consider that 
there are three independent, mutually orthogonal components in the thermal 
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Detailed mathematics can be found in the appendix of ref.[58]. 
 From Eq. (2.1), The surface temperature response G due to unit periodic 
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Considering that in TDTR, the heating source i.e. the pump beam is a 
Gaussian beam p(r), so that the surface temperature due to pump beam will be, 
in k space, the product of G(k) and p(k). We can do Hankel transform to calculate 
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the surface temperature in real space. The surface temperature is monitored by 
the probe beam via thermoreflectance, so it is measured by the weighted average 
by probe beam. The monitored ΔT will be 
 2 2 2
0 1
0
2 ( )exp( ( ) / 2)T A G k k w w kdk 

      (2.13) 
where w0 and w1 are the spot sizes of pump beam and probe beam, 
respectively. 
2.3 Signal analysis of TDTR 
In previous section we mentioned that the pump beam is modulated at 
frequency f and heat the sample periodically. However, there are also many 
other side signals which should be take care of. 
Our EOM modulate the pump beam at frequency f using a square wave with 















  . In our 
setup, we use RLC resonate circuit and a 30 MHz lowpass filter to remove the 
odd multiples of f. 
Since our laser is pulsed laser with repetition rate τ of 80MHz, and the 
FWHM of each pulses is smaller than 0.5 ps, it is reasonable to treat the pulse 
train as Dirac delta function. Due to the sampling theorem, the resulting signal 
is a series of copies of original signal separated by the 1/τ.[34, 62] 
The lock-in amplifier picks up signal componenents at f and –f, then the 
real part and the imagine part of the signal is 
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2.4 Measurement of in-plane thermal conductivity  
From Eq. (2.7), we can see that TDTR can be used to measure in-plane 
thermal conductivity when the through-plane thermal conductivity is known. 
We can then modify our thermal model to include in-plane thermal conductivity 
and carefully choose measurement parameters to make sure the measurement is 
more sensitive to in-plane thermal conductivity rather than cross-plane one.   




   (2.15) 
when the spot size (1/e2 radius) w >> d, heat flow is mainly 1D and along 
through-plane direction. This way the sensitivity to in-plane thermal 
conductivity is very small. So it is impossible to measure in-plane thermal 
conductivity under this condition. In order to measure in-plane thermal 
conduvitity, the in-plane heat penetration depth dr must be large enough to be 
comparable with spot size w. 
In this section I will briefly discuss the measurement of the through-plane 
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and in-plane thermal conductivities of highly ordered pyrolytic graphite 
(HOPG). 
The HOPG sample is purchased from Veeco and is ZYB grade, i.e. the 
mosaic spread is 0.8˚±0.2˚. A 72-nm-thick Al was deposited on top of the sample 
using thermal evaporating. Before the deposition, I use scotch tapes to peel off 
the top layer of HOPG. I then put the HOPG with fresh surface into the 
evaporator chamber for deposition of Al. 
I use a laser spot size (1/e2 radius) of 30 µm and modulation frequency f of 
10 MHz to measure the through-plane thermal conductivity. Use current 
parameters, the in-plane heat diffusion length is ~2 µm if we assume graphite 
has an in-plane thermal conductivity of 2000 W m-1 K-1, which is less than 1/10 
of the spot size I used. This way the heat flow is nearly 1D in the through-plane 
direction, so that our measurement is not sensitive to the in-plane thermal 
conductivity. I get through-plane thermal conductivity ΛTP = 5.7 W m-1 K-1, with 
the thermal conductance G = 73 MW m-2 K-1. The results agree well with 
previous measurements by Schmidt et. al. [14]. 
In order to measure the in-plane thermal conductivity, I change the 
objective to 10× and thus reduce the laser spot size to 6 µm. I also change the 
laser modulation frequency f to 1 MHz. This way I will get an in-plane heat 
diffusion length (i.e. heat penetration depth) dr = ~6 µm. I then did TDTR 
measurement using these parameters and get an in-plane thermal conductivity 
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of Λin=1809 W m-1 K-1, which has ~5% - 10% difference with Schmidt et. al.’s 
measurements.  
 
Figure 2. 7 Measurement of in-plane thermal conductivity of HOPG. The 
open circles are the measured –Vin/Vout using spot size of 6 µm and modulation 
frequency of 1 MHz. The line gave the best fit when Λin=1809 W m-1 K-1. 
 This is just one method to measure in-plane thermal conductivity using 
TDTR. Another method is using beam-offset TDTR method, which is described 
in detail in ref. [61]. I will discuss it in next section. 
2.5 Measurement of samples without in-plane symmetry 
When the sample lacks in-plane symmetry, i.e. there are two different in-
plane thermal conductivities Λx and Λy, the method we discussed in previous 
section can only give the square root mean 
in x y    , but cannot measure 




The beam-offset method make use of the full width half maximum (FWHM) 
of out-of-phase signal by offsetting pump and probe beams. When offsetting 
pump and probe beam in TDTR measurements, the in-phase signal and out-of-
phase signal decay differently: the out-of-phase signal decays more slowly than 
the in-phase signal. The out-of-phase signal is related more with periodic 
heating, while the in-phase signal can be approximately interpreted as 
instantaneously pulse heating. I measured Al/BP sample using beam-offset 
TDTR method, and compared the decay rate of in-phase signal, out-of-phase 
signal as well as the ratio of two. See Fig. 2.8 for the detailed comparison. The 
measurement was conducted on an Al/BP sample with Al thickness of 85 nm. 
The modulation frequency is 0.5 MHz. The delay time is fixed at -85 ps. The 




Figure 2. 8 Comparison of the decay with pump probe offset distance for in-
phase signal (red square), out-of-phase signal (black circle) and ratio of the two 
(olive triangle). The blue line is calculated when there is no heat diffusion with 
spot size w=3 µm.  
From Fig. 2.8, it is very clear that the FWHM of out-of-phase signal is much 
larger than in-phase signal, and thus can be used to extract the in-plane thermal 
conductivity. The distinct difference between the out-of-phase signal and spot 
size correlation indicates a pronounced in-plane heat diffusion. So the FWHM 
of out-of-phase signal will be used instead of ratio to extract the in-plane thermal 
conductivity.  
 Another benefit using FWHM of out-of-phase signal to extract in-plane 
thermal conductivity is that it is not sensitive to the thermal properties along the 
orthogonal or through-plane direction. This is not true when using ratio and 
reduced the measurement uncertainty remarkably. I will discuss more details on 
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beam-offset TDTR method in chapter 4. Correspondingly, the uncertainty 
should also be evaluated using FWHM rather than ratio when doing beam-offset 
TDTR measurements. 
2.6 Estimate uncertainty of TDTR measurements 
To estimate the uncertainty of TDTR measurements, we first calculate the 
sensitivity of TDTR measurement to all the parameters used in the thermal 










  (2.16) 
where R = –Vin/Vout is used to extract the thermal conductivity Λ and α is the 
parameter used in the thermal model, such as the spot size w, modulation 
frequency f, thickness of metal transducer hAl, thermal conductivity of each 
layer, etc. 
 For the phase uncertainty Δϕ, it can be evaluated using the following 
process. At the right phase, the in phase signal and out of phase signal read from 
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   If R is not used in TDTR measurements to extract thermal conductivity Λ, 
like in the beam offset TDTR measurement, FWHM is used instead of R, in 










  (2.21) 
An example of calculated sensitivity plots is shown in Fig. 2.9, of the 
disordered BN sample grown perpendicularly on Si substrate.[64] The BN 
sample is disordered and is grown perpendicularly on Si substrate. The through-
plane thermal conductivity is 5.2 W m-1 K-1, while the in-plane thermal 
conductivity was expected to be slightly larger. The spot size is 5 µm and Al 
film thickness is 90 nm. The results suggest that there is no way to measure the 
in-plane thermal conductivity under these measurement parameters, no matter 




Figure 2. 9 Calculated sensitivity to in-plane thermal conductivity Λin and 
through-plane thermal conductivity ΛTP for an Al/BN sample.  
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Measurement of Samples with Rough Surfaces 
Using TDTR 
Part of this chapter has been published in “Understanding and eliminating 
artifact signals from diffusely scattered pump beam in measurements of rough 
samples by time-domain thermoreflectance (TDTR),” Bo Sun and Yee Kan Koh, 
Rev. Sci. Instrum., 87, 064901, 2016. 
3.1 Motivation 
TDTR has been proven to be a robust pump-probe technique and it is 
widely applied to measure the thermal conductivity of bulk materials [65-69] 
and nanosturctures [70-77], and the thermal conductance of interfaces [78-81], 
as I have discussed in the previous chapter. However, TDTR can only be used 
when the samples have rather smooth surfaces. For rough samples, artifact 
signals are always observed, which is called pump leak in our lab. Such artifact 
signal often leads to a wrong measurement (a lower thermal conductivity Λ will 
be resulted) using TDTR, if it is strong enough. Here I briefly explain the 
problem I faced when measuring rough sample using TDTR. 
In a typical TDTR setup, laser pulses from a Ti: sapphire laser were split 
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into two train of pulses: a pump and a probe beams. The pump beam, modulated 
at a radio frequency f by an electro-optical modulator (EOM), heats the sample 
periodically. The temperature response at the sample surface at frequency f is 
then monitored by the time-delayed probe beam measured by a Si photodiode, 
via change of reflectance with temperature (i.e., thermoreflectance, dR/dT). The 
value of dR/dT of the transducer metals used in TDTR measurements is, 
however, usually small, on the order of 10-4 K-1-10-5 K-1 [38]. To measure this 
small change of intensity of the reflected probe beam, a radio-frequency (RF) 
lock-in amplifier is employed to pick up only signals at f and reject signals and 
noise at other frequencies. However, the RF lock-in amplifier is not able to 
reject signals from the pump beam which is also modulated at f. Thus, in typical 
TDTR measurements, special care is given to ensure that the photodetector does 
not collect any reflected light from the pump beam. For smooth samples, this 
can be conveniently achieved by blocking the specularly reflected pump beam 
using an aperture (see Figure 2.1). For rough samples, however, the pump beam 
is diffusely scattered and thus cannot be blocked by an aperture. Due to the small 
value of dR/dT (~10-4 K-1), the artifact signals due to the diffusely scattered 
pump beam that is collected by the photodetector (often called the leaked pump 
beam) could strongly affect TDTR measurements even if its intensity is <0.01% 
of that of the reflected probe beam.  
Usually, the artifacts due to the leaked pump beam is eliminated via either 
a two-tint[82] or a two-color[62] approach. In the two-color approach, either the 
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pump or the probe beam is frequency-doubled through second harmonic 
generation. The leaked pump beam can then be easily rejected using an 
appropriate optical filter. In the two-tint approach, on the other hand, pump and 
probe beams with slightly different wavelengths are created using sharp-edged 
bandpass and lowpass optical filters. The diffusely scattered pump beam is 
rejected by placing another sharp-edged bandpass filter before the photodetector. 
Due to less complex instrumentation of the two-tint approach and smaller laser 
spot sizes that can be achieved, I usually use the two-tint approach to measure 
rough samples in our lab. One problem for the two-tint approach is that any 
fluctuations in the wavelength of the laser would translate into fluctuations in 
the intensity of the pump and probe beam, due to sharp edges of the optical 
filters. Thus, the signal-to-noise ratio of two-tint measurements could be 
significantly reduced from what could be achieved without the sharp-edged 
filters, especially when we need to increase the spectral separation of pump and 
probe beams to reject a large amount of leaked pump beam when we measure 
very rough samples.  
While the artifact signals due to leaked pump beam are ubiquitously 
observed in different labs, the reasons why the artifact signals are even captured 
during TDTR measurements are still unknown. In a double-modulation TDTR 
setup, which is used in our lab, the pump beam is modulated at a radio frequency 
(normally in the range of 0.5MHz - 10 MHz), while the probe beam is 
modulated at an audio frequency (200 Hz). So, in addition to the RF lock-in 
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amplifier, a second audio frequency (AF) lock-in amplifier is used to eliminate 
any artifact signals (e.g., coherent pick-ups by the cables) captured by the RF 
lock-in amplifier. Since the pump beam does not have any audio-frequency 
components, any artifact signals from the leaked pump beam should be rejected 
by the second AF lock-in amplifier. Also, it is interesting that the artifact signals 
due to the leaked pump beam are only observed when the probe beam is not 
blocked. This shows that the leaked pump beam is modulated at the audio 
frequency by the probe beam, but it is still unclear at which point in TDTR 
measurements that the modulation occurs. 
In this chapter, I will experimentally demonstrate how the artifact signals 
from leaked pump beam affect the TDTR measurements. By doing so, I identify 
the source and amount of artificial signals, which are then employed to eliminate 
the artifact signals spontaneously without using any instrumentation. The 
method I developed here could help us to measure rough samples using TDTR 
without possible errors caused by leaked pump beam.  
3.2 Identify the source of artificial signals with presence of 
leaked pump beam 
 In the frequency domain, laser pulses from the ultrafast laser are 
represented by a series of delta functions at multiples of 1/τ. We employ a 
double-modulation approach in our TDTR measurements. In the double-
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modulation scheme, the pump beam is modulated by an EOM at a radio 
frequency fr (e.g., 10 MHz), while the probe beam is modulated by a mechanical 
chopper at an audio frequency of fa=200 Hz. Due to the RF modulation, both 
the pump beam and the temperature oscillation at sample surface induced by the 
pump beam have frequency components of m/τ±fr, where m is an integer. (Here, 
we do not consider components at higher harmonics of fr, since they are 
removed by a RLC resonant circuit, see Figure 2.1 for details.) On the other 
hand, since the temperature oscillation is monitored by the probe beam via 
thermoreflectance, the reflected probe beam, measured by a photodiode, is 
modulated at both the radio frequency fr and the audio frequency fa. Thus, the 
reflected probe beam has frequency components of m/τ±fr±fa. (Again, we do not 
consider components at higher harmonics of fa, since they are not picked up by 
the AF lock-in amplifier, see below.) We use a 30 MHz lowpass filter to remove 
signals at higher multiples of 1/τ, and use a RLC resonant circuit to eliminate 
the higher harmonics of fr. (The RLC resonant circuit is formed by serially 
connecting an inductor to the photodiode, with the photodiode acting as a 
capacitor.) The RLC resonant circuit also enhances signals around fr by a factor 
of Q, the quality factor of the resonant circuit. 
 
Even after the amplification by the RLC resonant circuit and a pre-amp, 
the signals due to the temperature oscillation could be comparably smaller than 
signals at 1/τ and the noise due to the small dR/dT (10-4 K-1-10-5 K-1) of the 
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metal transducer. Thus, we employ a RF lock-in amplifier to pick up only the 
minute signals due to the temperature oscillation at sample surface at ±fr±fa. In 
the RF lock-in amplifier, we set the time constant to 100 μs, so that the 
bandwidth of the RF lock-in amplifier (~3 KHz) is sufficient large to capture 
the sidebands due to modulation at the audio frequency fa. However, at this point, 
other artifact signals at fr will also be picked up by the RF lock-in amplifier. The 
sources of the artifact signals include, for example, coherent pickups due to RF 
electromagnetic waves in resonance with the cables and electronic devices in 
the TDTR setup, and a small amount of pump beam leaked into the 
photodetector. After demodulation at the radio frequency fr, the in-phase and 
out-of-phase outputs of the RF lock-in amplifier, now only with frequency 
components of ±fa, are fed into an AF lock-in amplifier. Since the AF lock-in 
amplifier only pick up signals with a fa component, the artifact signals should 
be rejected by the AF lock-in amplifier as they lack of fa component.  
 
We find that even with the double-modulation approach, the artifact signals 
from the pump beam leaked into the photodetector are still registered by the AF 
lock-in amplifier in TDTR measurements. To demonstrate this point, we 
monitored the in-phase Vin and the out-of-phase Vout TDTR signals of a 99.99% 
pure copper coated with a 91-nm-thick Al film, while the pump beam was 
intentionally and systematically leaked into the photodetector by adjusting the 
position of the aperture, see Fig. 2.1. We plot Vin and Vout, registered by the AF 
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lock-in amplifier, as a function of the signal due to the leaked pump beam Vleak, 
registered by the RF lock-in amplifier in Fig. 3.1. Our AF lock-in amplifier is 
designed to read to peak-to-peak value locked at audio frequency fa of the output 
of RF lock-in amplifier, so that we can directly compare Vin, Vout and Vleak, since 
all have been amplified by the same factor since detected by the photodetector. 
Note that while Vin and Vout are TDTR signals registered by the AF lock-in 
amplifier, Vleak is not a TDTR signal but is essentially intensity of the leaked 
pump beam measured by the photodetector. We set the phase in the reference 
channel of the RF lock-in amplifier when Vleak=0, and kept the same phase as 
we increased Vleak. We find that as Vleak increases, the magnitude of Vout 
increases linearly, see Fig. 3.1. The sample is a 99.99% pure Cu substrate, 
coated with a 91 nm thick Al. The phase is determined when the leaked pump 
is minimum and kept unchanged during the measurements. The photocurrent is 
0.4 mA and the Q factor of the RLC resonant circuit is 11. Interestingly, we find 
that even when Vleak is >10 times larger than Vin, Vin is independent of Vleak. 
This trend is not confined to the measurements on the Al/Cu sample that we 
present in Fig. 3.1, but generic to all samples we measured. The change of Vout 
due to Vleak suggests that the leaked pump beam is modulated at fa and thus 





Figure 3. 1 In-phase (Vin) and out-of-phase (Vout) TDTR signals as a function 
of intensity of the leaked pump beam (Vleak), measured at delay time of 85 ps 
with fr=9.8 MHz.  
 
We postulate that modulation of the leaked pump beam at fa could occur at 
either sample surface or the photodetector, since both the pump and the probe 
beams cross paths at these locations. If the modulation of pump beam occurs at 
the sample surface, parameters such as power of the probe beam, the sample 
properties and the metal transducer may contribute. If the modulation occurs at 
the photodetector, possible contributing parameters include the power of 
reflected probe beam, photocurrent of photodetector and the Q-factor of RLC 
resonant circuit. To better pinpoint the origins of the artifact signals of the leaked 
pump beam, we define a proportionality constant α=ΔVout/ΔVleak to quantify the 
change to the out-of-phase signal (Vout) due to the leaked pump beam. We 
measured α for 3 samples (Al/Cu, Al/SiO2 and Cr/SiO2, where the transducer 
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films are ~90 nm thick) using a wide range of experimental parameters 
mentioned in above analysis.  In addition to the usual TDTR setup, we also 
removed the RLC resonant circuit and measure α at two modulation frequencies 
fr without the resonant circuit. The photocurrent of photodetector was indirectly 
measured. It is converted from the measured voltage across a 50 Ω resistor 
which is serially connected to the output of the photodetector and the ground. 
We determined Q by using the relationship that Q equals to f0/Δf, where f0 is the 
resonant frequency of RLC circuit and Δf is the bandwidth which is the 
difference between frequencies at half maximum power. 
 
Figure 3. 2 The proportionality constant α as a function of probe power. The 
reflected probe power is ~20% of probe power, due to power loss when pass 
through the optics. When the probe power is equal to and larger than 9.5mw 
(red open squares), we use neutral density filters to keep the reflected probe 





Figure 3. 3 The proportionality constant α as a function of photocurrent in the 
photodetector, which is proportional to the intensity of the reflected probe beam, 
measured on Al/Cu (open squares), Al/SiO2 (open circles) and Cr/SiO2 (open 
triangles). The measurements were performed using a laser wavelength of 787 
nm except the black square which is measured at 850 nm, with (red and blue) 
and without (olive) the RLC resonant circuit. The symbols are labeled with the 
modulation frequency fr used in the TDTR measurements. 
 
Figure 3. 4 The proportionality constant α as a function of Q-factor of the RLC 
resonant circuit. The photocurrent is 0.4 mA in these experiments. Different Q-
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factors are achieved by changing the resistance and the inductance of the RLC 
circuit.  
 
We summarize the measured α in Fig. 3.2 - Fig. 3.4, as a function of probe 
power, photocurrent and Q-factor. In Fig. 3.2, when the probe power is 9.5mw 
to 103.1 mw, we use neutral density filters to keep the reflected probe power the 
same, which is 1.1 mw. At such condition, α is also kept the same. It is 
reasonable to suggest that it is the reflected probe beam that changes 
proportionality constant α, not the probe beam. The proportionality constant α 
do not depends on the probe power, neither on the type of samples and 
transducers, see Fig. 3.3, indicating that the modulation of the leaked pump 
beam at fa does not occur at the sample surfaces.  
For photodetectors, responsivity is the characteristic parameter on the 
sensitivity to light, which is defined as the ratio of the photocurrent to incident 
light power at a given wavelength. At different wavelengths, the responsivity 
differs, thus the photocurrent differs with the same power. We can then make 
use this fact and determine which is the factor determining α. From Fig. 3.3, we 
see that for the one measured at 850nm, α is nearly the same with one measured 
at 787nm with the same photocurrent, while the corresponding reflected probe 




Among the many parameters that we tested, the artifact signals are found to 
only depend on two factors, i.e., photocurrents in the photodetector and Q-factor 
of the RLC circuits. The dependence is linear for both factors, see Fig. 3.4 and 
Fig.3.5. Since both factors are affected by the photodetector, Fig. 3.4 and Fig. 
3.5 suggests that modulation of the signals from the leaked pump beam at fa 
occurs at the photodetector. Interestingly, we find that α is small but nonzero 
after we remove the RLC resonant circuit, see Fig. 3.4.  
One possible explanation to the observed modulation of the leaked pump 
beam at the photodetector is that the probe beam prompts a phase rotation in the 
Vleak measured by the photodetector. To demonstrate this point, we consider the 
photodetector being simultaneously illuminated by the probe beam modulated 
by a 50% duty cycle “on-off” square wave at fa and the leaked pump beam. 
During the “off”-state, the leaked pump beam is fully synchronized with the 
reference signals of the RF lock-in amplifier; thus Vleak is registered as in-phase 
signal in the RF lock-in amplifier. During the “on”-state, however, illumination 
of the probe beam could induce a small phase rotation of Δθ to the phase of the 
leaked pump beam. Due to the phase rotation, the in-phase and out-of-phase 
signals of the leaked pump beam registered by the RF lock-in amplifier is 
rotated by ∆Vleak
in  and ∆Vleak
out , respectively. Thus, the outputs of the RF lock-in 
amplifier due to the leaked pump beam during both the “on” and “off” states 
constitute a square wave of frequency fa, with amplitudes of ∆Vleak




respectively. These signals at fa are then captured by the AF lock-in amplifier. 
As long as Δθ is sufficiently small, ∆Vleak
in  and ∆Vleak









  (3.1) 
    
where the minus sign accounts for the 180˚ out-of-phase of the outputs of the 
RF lock-in amplifier due to the leaked pump beam and the reference signals of 
the AF lock-in amplifier. The expected results of Eq. (3.1) are consistent with 
our observation that the leaked pump beam only affects the out-of-phase TDTR 
signals, not in-phase, see Fig. 3.1. 
To verify that the artifact signals are due to phase rotation in the 
photodetector, we experimentally measure Δθ using two different approaches, 
and compare the measurements to α derived from our TDTR measurements with 
increasing leaked pump beam intensity. In the first approach, we purposely 
separate the pump and probe beams at sample surface by ~25 µm, and perform 
TDTR measurements with a controlled amount of pump beam leaked into the 
photodetector. As the pump and probe beams do not overlap, TDTR signals (i.e., 
Vin and Vout) are zero. Thus, we can directly measure ∆Vleak
in  and ∆Vleak
out  from 
the outputs of AF lock-in amplifier. As expected, ΔVleak
in ≈ 0 as suggested by 
Eq. (3.1). We then calculate Δθ from ΔVleak
out  and Vleak, using Eq. (3.1). In the 
second approach, we directly measured the phases of the leaked pump beam in 
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the RF lock-in amplifier, with and without illumination of the probe beam, and 
derived Δθ from the difference in the measured phases. The phase of the leaked 
pump beam is readily determined from the phase of the reference channel of the 
RF lock-in amplifier when the out-of-phase channel is zero. The uncertainty of 
Δθ is estimated from the standard deviation of the outputs of the RF lock-in 
amplifier. We compare Δθ derived using both approaches to α measured at the 
same photocurrent and Q in Fig. 3.5. We note that Δθ derived using the second 
approach is ~10% higher than Δθ derived using the first approach, see Fig. 4. 
This small difference could be due to, e.g., imperfect modulation of the leaked 
pump beam as a result of a finite rise time of the photodetector. We confirm that 
Δθ=α within experimental uncertainty for Δθ derived using both approaches, 
see Fig. 3.5.  
 
 
Figure 3. 5 Comparison of Δθ derived using the first (red circles) and the 
second (blue triangles) approaches (see the main text for the details of how Δθ 
was derived), and α derived from TDTR measurements with increasing intensity 
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of the leaked pump as shown in Fig. 3.1. Measurements were performed on the 
Al/Cu sample with a modulation frequency of 10 MHz (Q=11), with Vleak of 1 
mV. The photocurrents are 0.19 mA, 0.31 mA, 0.40 mA, 0.54 mA and 0.76 mA, 
respectively. 
 
 We are not certain of the sources of the phase rotation. One possible 
reason is that the junction capacitance of the p-i-n photodioide is slightly 
changed while illuminated, and thus alters the resonance of the RLC circuit. 
However, this cannot explain why we still observe the phase rotation even 
without the RLC resonant circuit. However, if we examine the circuit of 
photodiode, we can still get some clue and give reasonable explanations, 
although detailed explanation is beyond our knowledge. In our lab, we use a 
packed photodiode DET-10A purchased from Thorlabs. Inc. The schematic 
circuit of this devices is shown in Fig. 3.6. 
 
Figure 3. 6 Schematic of photodiode circuit [83]. In our case, the battery 
serially connects with a diode (Fairchild FDLL4148) and RC noise filter. 
 In Figure 3.6, we can see clearly that the bias voltage Vbias across the 
photodiode equals to the battery voltage Vbat when there is no photocurrent. 
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However, when there is photocurrent, Vbat is smaller than Vbias since there is 
voltage drop across protection diode and the resistor in RC filter, which depends 
on the photocurrent. So when probe is ‘on’ and ‘off’, the bias voltage of 
photodiode is different. To test if the phase rotation is due to change of bias 
voltage or not, we did a simple experiment that replace the current battery (Vbat 
~12V) with another battery with different Vbat. At certain photocurrent, the 
voltage drop was kept the same. So if there is a large battery voltage, then α 
should be small. I then measured the proportionality constant α as a function of 
battery voltage on the same Al/Cu sample while keep the photocurrent 0.4 mA 
and fr 10 MHz. The result is shown in Fig. 3.7 and proves our assumption that 
the phase rotation due to bias voltage is reasonable. However, future exploration 
of the reason of phase rotation is beyond our knowledge and unnecessary since 
it is very hard for us to eliminate phase rotation by redesigning the electrical 
circuit. Both protection diode and RC filter are necessary components and 
cannot be removed. If the RC filter is shortcut and it turns out that the detected 




Figure 3. 7 The proportionality constant α as a function of battery voltage. The 
photocurrent is 0.4 mA and fr is 10 MHz (Q=11) in these experiments and all 
the measurements were conducted on the same Al/Cu sample as in Figure 3.1. 
 
3.3 TDTR Measurement of Rough Samples 
We can easily correct the artifact signals due to leaked pump beam using 
Eq. (3.1) and thus enable TDTR measurements on rough samples. To achieve 
the pump-leak correction, we simultaneously monitor intensity of the leaked 
pump beam Vleak registered by the RF lock-in amplifier, while we perform 
TDTR measurements. In our setup, this can be readily achieved by monitoring 
the offsets of the square wave inputs to the AF lock-in amplifier, in addition to 
the amplitudes of the square waves usually monitored during typical TDTR 
measurements; Vleak equals the offset of the input to the in-phase channel. To 
ensure a sufficiently high signal-to-noise (>50) for the Vleak measured by this 
approach, we set the time constant of the AF lock-in amplifier to 700 ms. We 
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assume a linear system and superposition of TDTR signals and the artificial 
signals due to the leaked pump beam. Thus, we can correct our original TDTR 
signals by subtracting the ∆Vleak
out  calculated using Eq. (3.1) from Vout. 
In conventional TDTR, the phase of the reference channel of RF lock-in 
amplifier is determined by the fact that out-of-phase signal Vout is constant when 
the delay time crosses t=0 [34]. When there is leaked pump beam, Vout is 
composed of the ‘real’ out-of-phase TDTR signal and artificial signal ∆Vleak
out  
from leaked pump beam. As we mentioned in the previous section, ∆Vleak
out  is 
independent of delay time. Thus we can still use the same way as conventional 
TDTR to determine the phase when there is leaked pump beam and applying 





Figure 3. 8 Bright-field microscope images of an Al/InN/GaN/sapphire 
sample when TDTR measurements were performed at (a) relatively smooth 
Spot A, and (b) rough Spot B. The white dots in the images are the laser spots. 
(c) Vin, Vout, and Vleak measured at Spot B (black), as labeled. Vout is 
instantaneously corrected using ∆Vleak
out  calculated from Eq. (1) (red) in our 
pump-leak correction approach. (d) Conventional TDTR measurements at Spot 
A (olive diamonds, labeled “Spot A”) and Spot B (black circles, labeled “Spot 
B”), compared to measurements at Spot B using the pump-leak correction 
approach (red circles, labeled “pump-leak correction”) and the two-tint 
approach (blue triangles, labeled “two-tint”). Solid lines are calculations using 
a thermal model assuming Λ = 98 W m-1 K-1 (red) and Λ = 62 W m-1 K-1 (black) 
respectively, while the dashed lines are calculations with the Λ varied by ±10%. 
For all the measurements, we use a modulation frequency of 10 MHz (Q=11), a 
spot size of 4.5 µm, a total power of 60 mW and a photocurrent of 0.4 mA. 
    
 
We test our pump-leak correction approach on an Al/InN/GaN/sapphire 
58 
 
sample. The InN film is 2.5 µm thick and was deposited by molecular beam 
epitaxy (MBE), provided to us by Prof. Gregor Koblmueller of Technical 
University of Munich (TUM).[31] The sample is rough because a high lattice 
constant mismatch between InN and the substrate produces a high concentration 
of line defects in the InN film and a rough surface morphology. We coated the 
InN sample with ~98 nm thick Al by thermal evaporation. To validate our new 
approach, we performed conventional TDTR, two-tint TDTR and TDTR with 
the pump-leak correction on the rough InN sample. In all the TDTR 
measurements, we used laser 1/e2 radii of 4.5 µm, a modulation frequency fr of 
10 MHz for the pump beam and an audio-frequency fa of 200 Hz for the probe 
beam. We employed a total laser power of 60 mW to ensure that temperature 
rise on the sample is <5 K. We used appropriate natural density filters before 
the photodetector to fix the photocurrent of the photodetector at ~0.4 mA. 
We performed TDTR measurements at two spots (Spots A and B) on the 
rough InN sample. Spot A (Fig. 3.8(a)) is relatively smooth, with 96% of light 
incident on the spot being specularly reflected. We find that Vleak < 0.3Vout at 
this spot, implying that ∆Vleak
out  is less than 1% of Vout. We derive the thermal 
conductivity of InN, Λ = 98 W m-1 K-1, from conventional TDTR measurements 
at Spot A, see the olive diamonds in Fig. 3.8 (d). The result is in good agreement 
with our previous measurement on an 1-µm-thick InN film [84] and is ~20% 
smaller than the measured thermal conductivity of 0.5-2.1 µm thick InN films 
[85]. Spot B (Fig. 3.8(b)), on the other hand, is rough, with only 80% of light 
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incident on the spot being specularly reflected. At this spot, Vleak > 6Vout, see 
Fig. 3.8(c). Due to the high level of leaked pump beam, conventional TDTR 
measurement yields a wrong result of only 62 W m-1 K-1, see the black circles 
in Fig. 3.8(d). We thus applied the pump-leak correction approach that we 
developed to derive the thermal conductivity at this spot. We simultaneously 
measured Vleak, Vin and Vout for every delay time, see Fig. 3.8(c). We note that 
Vleak is stable in delay time with a standard deviation of only ~2.5%, indicating 
that a time constant of 700 ms is sufficient for the AF lock-in amplifier. We 
calculated ∆Vleak
out  from Vleak using Eq. (3.1) and Δθ=0.029 for photocurrent of 
0.4 mA derived from Fig. 3.4. We corrected Vout using the derived ∆Vleak
out , see 
the red circles in Figs. 3.8(c) and 3.8(d). Excellent agreement is achieved 
between the TDTR measurements at Spot B after the pump-leak correction and 
the conventional TDTR measurements at Spot A with a smooth surface, see Fig. 
3.8(d). 
We also employed the two-tint approach to reject the leaked pump beam in 
TDTR measurements at Spot B, see the blue triangles in Fig. 3.8(d). Excellent 
agreement is achieved, suggesting that both the two-tint and the proposed pump-
leak correction approaches could be applied in TDTR measurements of rough 
samples. We note, however, that the signal-to-noise ratio of our two-tint 
measurements is only ~32, a factor of three smaller than our measurements 
using the pump-leak correction approach. The reason for this small signal-to-
noise ratio is that in the implementation of the two-tint approach, we need to 
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increase the separation between wavelengths of the pump and the probe beams 
to enhance the suppression of the high level of leaked pump beam. As a result, 
fluctuations in the wavelength of the laser are more significantly translated into 
fluctuations in the intensity of the laser beams, leading to higher noise. From 
experimental results we discussed above, we get a higher SNR using our pump-
leak correction approach than using two-tint approach, for the case we described 
above. I did more measurements in the following section to compare the two 
approaches. 
3.4 Limit of the pump-leak correction approach 
Here, we establish a limit for the pump-leak correction approach and 
compare our new approach to the two-tint method. To achieve this purpose, we 
performed a series of TDTR measurements on a bulk single-crystalline Cu 
sample coated with a 100-nm-thick Al film, with different levels of pump beam 
leaked into the photodiode, to mimic TDTR measurements on samples with 
different roughness. We choose the Al/Cu sample because the ratios -Vin/Vout in 
TDTR measurements of the sample are high and thus TDTR measurements are 
more susceptible to the artifacts due to leaked pump beam. We intentionally 
removed the aperture in the TDTR setup, and systematically changed the 
distance between the pump and probe beams to achieve different levels of pump 
leak. We quantify the leaked pump beam using the ratio Vleak/|Vout|, where Vleak 
and Vout are as defined before. For the pump power of 120 mW, the probe power 
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of 5 mW, a spotsize of 5 µm and a modulation frequency of 10 MHz, we 
achieved Vleak ranging from 40 µV – 18 mV, |Vout| was fixed at 150 µV and thus 
Vleak/|Vout| ranging from 0.26 – 120.  
 We then applied the pump-leak correction approach to the TDTR 
measurements acquired on the Al/Cu sample, see Fig. 3.9, using α = 0.033 
derived from Fig. 3.3. We find that for the case of Vleaked=18 mV, the 
measurements are still slightly affected by the leaked pump beam, even after the 
pump-leak correction. Nevertheless, we derived the thermal conductivities of 
Cu and find that the values are still within the range of 400 W m-1 K-1 ± 5%. 
This value of the thermal conductivity of Cu is in good agreement with the 
literature value[86]. 
 
Figure 3.9 TDTR measurements of Al/Cu sample after the pump-leak 
correction approach. The initial leaked pump levels before the correction are 
Vleak = 210 µV (black solid spheres), 2.2 mV (olive open squares) and 18 mV 
(red solid spheres), respectively. The solid lines are fits to the TDTR 
measurements after pump-leak correction. For all our measurements, we set the 
probe power at 5 mW, the pump power at 120 mW, f = 10 MHz, the laser spot 
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size at 5 µm and the photocurrent of the photodiode at ~0.45 mA, and use α = 
0.033 for the pump-leak correction.  
To set a limit on the applicability of the pump-leak correction approach, we 
consider a safe case of Vleak/|Vout| = 15 (Vleaked = 2.2 mV in Fig. 3.9). Taking into 
consideration the solid angle of the aperture and the reduced TDTR signals by 
the rough samples, we estimate that Vleak/|Vout| = 15 is achieved when TDTR 
measurements are performed on rough samples with only ~1% of the light being 
specularly reflected. Thus, the proposed pump-leak correction approach could 
be used for measurements of practically all rough samples, as long as the 
roughness is homogenous. For inhomogenously rough samples, however, laser 
beams are distorted at sample surfaces and thus the assumption of a Gaussian 
distribution of laser beams in the thermal model is violated. As a result, analysis 
of TDTR measurements do not yield correct results, even though the pump-leak 
correction approach successfully removes the artifacts due to leaked pump beam. 
We summarize signal-to-noise ratios (SNR) of TDTR measurements (-
Vin/Vout at 100 ps) of the Al/Cu sample after the pump-leak correction approach 
in Fig. 7. We find that while SNR drops when Vleak/|Vout| increases, a decent 
SNR of ~40 is still achieved when Vleak/|Vout| = 30, see Fig. 3.10. For 
comparison, we also plot the SNR of TDTR measurements acquired using the 
two-tint approach. We find that using our setup, the SNR for the pump-leak 
correction approach is a factor of ~2 better, compared to the two-tint approach. 
The reason for the poor SNR for the two-tint approach (compared to e.g., that 
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reported in Ref. [82]) is that our laser (from the Coherent Chameleon family), 
like many other ultrafast lasers, is fully automated to optimize stability in laser 
intensity but not in laser wavelength. As a result, fluctuations in laser 
wavelength are translated into fluctuations in the pump and probe powers and 
appear as noise in TDTR measurements. 
 
Figure 3.10 Signal-to-noise ratios (SNR) of TDTR measurements on an Al/Cu 
sample using the pump-leak correction approach (black square) and the two-tint 
approach (red triangles and olive diamonds). In the implementation of the two-
tint approach, we tilt the long-pass filter in the route of the pump beam such that 
the pump power after long-pass filter is reduced to 40% (red triangles) and 20% 
(olive diamonds) of the original power, respectively. We then eliminate the 
artifact signals from the leaked pump beam using a second bandpass filter 
before the photodiode. All other experimental parameters are as in Fig. 3.9.   
3.5 Summary 
 In this chapter, we developed a pump-leak correction approach to eliminate 
the artifact signals due to the leaked pump beam in TDTR measurements of 
rough samples. We find that the artifact signals originate from a small phase 
rotation in the signals by the leaked pump beam induced by concurrent 
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illumination of the photodetector by the modulated probe beam. The phase 
rotation generates an artifact signal in the out-of-phase of TDTR measurements, 
which can be readily reversed as long as the intensity of the leaked pump beam 
is monitored during TDTR measurements. Since the intensity of the leaked 
pump beam can be readily monitored by the AF lock-in amplifier in a typical 
TDTR setup, our approach does not require any additional optical elements or 
modification of existing TDTR setup. Our approach thus provides a convenient 
alternative for TDTR measurements of rough samples. When the sample surface 
is so rough that the pump beam or probe beam could not maintain Gaussian 
distribution, both the pump-leak correction approach and the two-tint approach 





 Chapter 4   
Anisotropic Phonon Transport in Layered Two-
dimensional Black Phosphorus 
Part of this chapter has been published in “Temperature dependent thermal 
conductivity tensor of bulk black phosphorus,” Bo Sun, Xiaokun Gu, 
Qingsheng Zeng, Ronggui Yang, Zheng Liu and Yee Kan Koh, Adv. Mater. 2016. 
Accepted. 
4.1  Motivation 
Layered two-dimensional (2D) materials are not a new class of materials 
and have been synthesized and studied for over a century [87]. Thermal 
transport studies of 2D layered materials also attracted enormous research focus 
for a long time, especially graphite. The anisotropic thermal conductivities of 
graphite have been intensively studied [13, 88, 89] for several decades. The 
highly anisotropic structures of 2D layered materials provide us unique 
platforms to study the mechanisms of anisotropic thermal transport. Moreover, 
there are many different anisotropic structures in the 2D layered materials 
family. For example, the basal plane of graphite is planer, while the basal plane 
of black phosphorus (BP) is puckered honey comb structure. The two have 
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similar cross-plane thermal conductivities [90] while have distinct in-plane 
thermal conductivities [9]. Exploring the mechanism behind such differences 
will be interesting and may help us better understand phonon transport in 2D 
layered materials. 
Since the discovery of graphene [28, 91, 92] and since Balandin measured 
the thermal conductivity of single layer graphene using Raman thermometry 
and find that its thermal conductivity (4840 ± 440 – 5300 ± 480 W m-1K-1) is 
more than two times larger than the in-plane thermal conductivity of highly 
oriented pyrolytic graphite (~2000 W m-1 K-1)[48, 49], experimental and 
theoretical efforts has been devoted to explore the mechanism which lead to the 
increase of thermal conductivity for single layer 2D materials.  
Over the past decade, a wide range of two-dimensional (2D) materials, 
including graphene, hexagonal boron nitride, and transition metal 
dichalcogenides (e.g., molybdenum disulfide (MoS2)), has been explored for 
novel electronic, optoelectronic and thermoelectric applications.[93, 94]Among 
these layered 2D materials, black phosphorus (BP) is a unique new addition, 
with a narrow but tunable bandgap[95-97] and highly anisotropic[7, 98]  
properties. BP belongs to the orthorhombic Cmca point group,[99] with each 
phosphorus atom bonds to three neighboring phosphorus atoms through sp3-
hybridized orbitals to form puckered honeycomb basal planes. Similar to 
graphite and other 2D materials, these basal planes are loosely bonded together 
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by interplanar van der Waals' forces. Being in the Cmca point group, second 
order tensors (e.g., the thermal conductivity tensor Λ) of BP have three 
independent components along the principal axes of zigzag (ZZ), armchair (AC) 
and through-plane (TP), here we use ΛZZ, ΛAC and ΛTP to denote the three 
independent components of the thermal conductivity tensor.) Anisotropy in 
these three directions is exhibited in the optical,[100] electrical,[101] 
mechanical[102] and thermal properties of BP, and thus is an important 
consideration in the designs of future BP devices. For example, it is predicted 
that thermoelectric energy conversion can be more efficiently performed along 
the armchair direction of monolayer BP (i.e., phosphorene), due to the higher 
electrical conductivity but lower thermal conductivity in the preferred 
direction.[103] 
To date, there are only few published experimental works on the thermal 
conductivity of BP flakes. Luo et al.[10] and Lee et al.[104] measured the 
anisotropic thermal conductivity of BP flakes of thickness of 9 – 30 nm and 60 
– 310 nm, respectively, and reported ΛZZ = 11 – 45 W m-1 K-1 and ΛAC = 5 – 22 
W m-1 K-1 with a strong thickness dependence. These values of ΛZZ and ΛAC are 
substantially lower than predictions by first-principles calculations[19, 105, 106] 
of ΛZZ  100 W m-1 K-1 and ΛAC  33 W m-1 K-1 for bulk BP and phosphorene. 
While these low values of thermal conductivity could be attributed to an 
additional boundary scattering of phonons in the thin flakes, the low values 
could also originate from degradation of the BP flakes by oxidation,[107, 108] 
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as the BP flakes in both studies were exposed to the atmospheric conditions for 
a substantial amount of time during sample preparation and measurements. Jang 
et al.[8] encapsulated their BP flakes of thickness of 138 – 552 nm with a 3-nm 
Al2O3 overlayer, and obtained ΛZZ = 63 – 86 W m-1 K-1, ΛAC = 26 – 34 W m-1 
K-1 and ΛTP = 3.2 – 4.5 W m-1 K-1, with a slight thickness dependence. While 
Jang et al.’s samples were not oxidized, it is unsure whether the thermal 
conductivity values approach the intrinsic bulk values, considering that phonons 
with mean-free-paths  > 0.5 µm plays a dominant role in heat conduction in 
graphite[52, 89, 109] and is predicted to carry a substantial amount of heat in 
phosphorene[19, 105].  Finally, Zhu et al.[106] derived ΛZZ = 84 - 101 W m-1 
K-1, ΛAC = 26 - 36 W m-1 K-1 and ΛTP = 4.3 - 5.5 W m-1 K-1 from their 
measurements on BP flakes of thickness of 30 – 50 µm.  
We note that in all these prior studies, measurements were performed on 
BP flakes, not on truly bulk BP. In this regard, thermal conductivity of bulk BP 
is a crucial complement to the measurements on BP flakes in advancing our 
understanding of heat transport in BP, e.g., to determine the mean-free-paths of 
the dominant heat-carrying phonons in BP and to understand the intrinsic 
phonon scattering mechanisms in BP. We argue that bulk BP should have lateral 
sizes of at least 100 µm, since the first-principles calculations predict that the 
thermal conductivity of BP could be reduced from the intrinsic bulk value when 
the sample size is smaller than 100 µm,[19] and accurate measurements could 
only be performed at low temperatures when the samples are sufficiently large, 
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see our discussion below. Thus, different from previous researchers, we instead 
focus on accurate measurements on truly bulk, millimeter-sized BP samples. 
With the large samples, we accurately measured and report in this paper the 
intrinsic thermal conductivity tensor of bulk BP, in a temperature range of 80 ≤ 
T ≤ 300 K.  
In this section we measured the intrinsic 3D thermal conductivity tensor 
of bulk BP in 80-300K using TDTR. The high quality and large area of smooth 
surface of our samples enable precisely determination of cross-plane thermal 
conductivity of BP using conventional TDTR. By using beam-offset TDTR 
method, we can measure the two in-plane (ZZ and AC) thermal conductivities. 
Our results are particularly useful for future study of thermal transport 
properties of few layer BP and BP nanostructures. 
4.2 Sample Characterization 
The structure of BP is shown in Fig. 4.1. Our samples are three 
millimeter-sized bulk BP samples, see Fig. 4.2. The largest sample, denoted by 
BP-1, with a dimension of ~8 mm × 5 mm × 0.3 mm, was purchased from HQ 
graphene. The other two smaller samples, BP-2 and BP-3, with a dimension of 
5 mm × 1.5 mm × 0.1 mm and 5 mm × 1 mm × 0.1 mm, were home grown. To 
prepare the samples for measurements, we first mounted BP-2 and BP-3 on Si 
substrates for easier handling (BP-1 is exempt from this step since it is large and 
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thick enough for handling). We then exfoliated the top layers of the BP samples 
to expose the fresh BP surfaces, and immediately loaded the samples into a 
UHV thermal evaporation chamber for deposition of a 100 nm thick Al film. 
The Al film acts as the transducer for our measurements and passivates the fresh 
BP surfaces. We ensure that the total time that the BP samples were exposed to 
air is less than 1 minute to minimize oxidation of BP.  
 
Figure 4.1 Cystal structure of black phosphorus, in perspective, top and front 




Figure 4.2 Optical image of our black phosphorus samples, the left was 
purchased from HQ-Graphene (BP-1) and the middle (BP-2) and the right (BP-





Before the thermal measurements, we identify crystallographic 
orientations of BP by polarized Raman spectroscopy,[110, 111] using a home-
built micro-Raman setup. In our Raman measurements, we use a p-polarized 
532-nm continuous wave laser to excite the Raman spectra. We employ a linear 
polarizer before the spectrometer to collect only Raman-scattered light with 
polarization parallel to the polarization of the incident laser (i.e., the parallel-
polarization configuration). Since B2g mode shows a simple angular dependence, 
see Fig. 4.3, and is insensitive to laser wavelength and sample thickness,[110] 
we use B2g peak to accurately determine the crystallographic orientations of BP. 
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In previous studies,[111] the ZZ (or AC) axis was determined through 
continuous monitoring of the height of the B2g peak till the height is minimum. 
However, we find it difficult to accurately pinpoint the minimum height and 
thus previous procedure has large uncertainty. Instead, we conduct polarized 
Raman measurements every 15˚ and plot the integrated intensity of the B2g 
peaks as a function of rotation angle, see the red circles in Fig. 4.4. We then fit 
the measurements with sin2(2(θ+α)), where θ is the presumptive angle and α is 
the correction angle. The fitted α is usually small (in Fig 1d, α=0) and can be 
used to accurately determine the principal axes. The uncertainty of our approach 
is ~2, see the blue squares in Fig. 4.4. We also ensure that the basal planes are 
perpendicular to the sample surface via x-ray diffraction (XRD) scan of the BP-
1 sample. We observe only (0 n 0) peaks, where n=4,6,8 is in the TP axis, see 





Figure 4.3 Polarzied Raman spectra of BP-1 showing the out-of-plane Ag1 mode 
and in-plane B2g and Ag2 modes, acquired using the parallel-polarization 
configuration. The sample was rotated so that the angle between incident laser 
polarization and initial orientation of BP-1 ranges from 0˚ to 90˚, as noted in the 




Figure 4.4 Angle dependence of the integrated intensity of the B2g peak shown 
in Fig.4.3 (red circles), and when the measurements were repeated after we 
rotated the samples by 2˚ (blue squares). The black line is a fit of sin2(2θ) to the 
74 
 
intensity of the B2g peak. 
 
 
Figure 4.5 θ - 2θ XRD scan of BP-1. 
 
Since our samples are quite large, we checked their homogeneity by 
conducting polarized Raman measurements on 4 randomly chosen points at 
corners of BP-1, for example. The Raman spectra are shown in Fig. 4.6. The B2g 
peaks are zero and the ratios of integrated Ag2 and Ag1 intensities are the same, 




Figure 4.6 Polarized Raman spectra of randomly chosen points of BP-1 sample. 
The points are located at the four corners of BP-1. Each measurement shifts up 
3×104 counts/W/s from previous measurement for clarity. 
 
After ZZ axis is identified using the polarized Raman spectroscopy, we 
have to move the samples to TDTR stage for thermal measurement. In Raman 
setup, we have determined that the ZZ axis is parallel to the laser polarization 
direction, i.e. horizontal. In TDTR setup, normally we set the horizontal 
(vertical) scan along ZZ (AC) direction. (By saying horizontal scan, we mean 
that pump and probe beams offset horizontally from one side to the other side.) 
So the samples should be moved from Raman stage to TDTR stage with the 
crystal orientation maintained.  
We make use of the sample edges to help us identify the sample 
orientations. First, we take an image using bright-field microscope in our 
Raman setup after the crystal orientations are identified (Fig.4.7). One edge is 
chosen and the angle between it and the horizontal reference line is 36˚. Second, 
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we move the sample to TDTR stage, and take another image. The same edge 
will be found and the angle between it and the horizontal reference line should 
maintain the same (Fig. 4.7).  
 
Figure 4.7 Bright field microscope image of sample BP-1 taken at Raman setup 
(a) and after transferred to TDTR setup (b). The same edge is used and the angle 
between it and the horizontal reference line (red solid lines) are maintained the 
same. We also rotate the sample up to 30˚ to do TDTR measurements. An 
example is shown in (c) when the sample is rotated by 30˚. 
4.3 TDTR measurements of thermal conductivity tensor of BP 
We measure ΛTP of BP by conventional TDTR. Details of our 
implementation, data analysis and signal processing of TDTR are presented in 
previous chapters and in Ref. [112]. In TDTR, laser pulses are split into a pump 
and a probe beams. The pump beam, modulated at frequency f, heats the sample 
periodically. With the periodic heating, a temperature oscillation at modulation 
frequency f is induced within a distance d from sample surface. (  
is called the thermal penetration depth, where Λ is the thermal conductivity and 
C is the volumetric heat capacity.) We then monitor the temperature oscillation 
at the sample surface by the time-delayed probe beam. ΛTP is derived by 




anisotropic thermal model.[58] 
To ensure accurate measurements of ΛTP, we consider three important 
aspects in our execution of TDTR. First, we measure ΛTP using a low 
modulation frequency f of 0.5 MHz. A low f is crucial to ensure that our TDTR 
measurements approach the intrinsic, steady-state values of ΛTP,[113] since 
TDTR is not sensitive to heat transport by ballistic phonons with  >> 2d.[44, 
114] In this regard, a high f of 9 - 10  MHz was employed in previous 
measurements by Zhu et al.[106] and Jang et al.[8], and as a result, the prior 
reported ΛTP are >25 % lower than our measurements of ΛTP, see the discussion 
below. Second, since the thermal conductivity of BP is highly anisotropic, it is 
crucial to set the 1/e2 radii of laser beams (w0) larger than the thermal penetration 
depth (w0 > d), to ensure that heat flow is essentially one dimensional and is 
thus mostly sensitive to ΛTP, see Fig. 4.8. For T = 80 K, this translates to w0 > 
20 µm, since d = 19 m in ZZ direction at f = 0.5 MHz. We note that the laser 
spot size we used (25 µm) is substantially larger than that used by Zhu et al.[106] 
(12 µm) and by Jang et al.[8] (5 µm), both limited by the size of smooth surfaces 
on their samples.  Last, we also employ the pump-leak correction 
approach[112] to remove the artifact signals due to the pump beam diffusely 
scattered by the window of cryostat. Our pump-leak correction approach is a 




Figure 4.8 Sensitivity of TDTR signals to components of the thermal 
conductivity tensor along TP, ZZ and AC axes at 80 K (a) and at 300 K (b). We 
assume laser 1/e2 radii w0 of 1-50 µm and modulation frequencies f of 10 MHz 
(solid lines) and 0.5 MHz (dased lines), respectively, in both figures. 
 
 
Figure 4.9 Sensitivity of FWHM in the beam-offset TDTR measurements, to 
components of the thermal conductivity tensor along TP, ZZ and AC axes, at 80 
K (a) and at 300 K (b). we assume f = 0.1-10 MHz and w0 =2.5 µm (solid lines) 
and 5 µm (dased lines), respectively. At 300K, the sensitivities of FWHM to 
ΛZZ and ΛAC are 0.227 and 0.157, repectively, for f=0.5MHz and w0=2.5 µm. 
These values are larger than those in previous measurements by Jang et al.[8] 
(0.15 and 0.11) and by Zhu et al.[106] (0.21 and 0.14) using f=1.6 MHz and w0 
~ 2.5 µm, since our f is much lower than theirs, altough the Al transduer we 
used has a higher thermal conductantity than NbV used by Jang et al.[8] and 
TbFe used by Zhu et al.[106]. 
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We measure ΛZZ and ΛAC of BP by the beam-offset TDTR method.[58] 
Unlike previous measurements using NbV[8] and TbFe[106] as transducer, we 
use Al as transducer for measurements at 80 K – 300 K due to its heat capacity 
is well reported within the temperature range. At 300 K, our measurement 
sensitivities to ΛZZ and ΛAC are higher than previous measurements[8, 106] 
although our transducer has a higher thermal conductivity.[58] (see Fig.4.9 and 
discussion below on the importance of low f). In the beam-offset TDTR method, 
a pump beam with a small spot size (e.g., w0 = 5 µm) is modulated at a low 
modulation frequency f, resulting in a wide heat spread in the in-plane direction. 
To profile the temperature distribution generated by the pump beam, a probe 
beam is then systematically offset in either the horizontal or the vertical 
directions while the out-of-phase signals at -100 ps are recorded, akin to 
measurements of laser spot sizes by autocorrelation,[58] see Fig. 4.10a and c. 
(In most of our measurements, the horizontal and vertical directions correspond 
to the ZZ and AC principal axes of BP, respectively.) We then derived the in-
plane thermal conductivity from full-width-half-maximum (FWHM) of the 
beam-offset measurements by comparing the FWHM to calculations of an 
anisotropic thermal model, see next section iteration approach we applied to 
derive ΛZZ and ΛAC. As an internal consistency check, we compared two sets of 
measurements on BP-1, one performed when the presumptive ZZ axis was 
horizontal and when it was vertical. We achieved an excellent agreement for 
both measurements, see Figs. 4.10a and 4.10c. In addition, to ensure that our BP 
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samples are properly passivated, we also performed another set of experiments 
6 months after the initial sample preparation. We observed no changes in the 
beam-offset data, see Fig. 4.10a and 4.10c, indicating that with the Al 
passivation, our BP samples did not deteriorate over time. 
For accurate measurements of ΛZZ and ΛAC, it is essential to use a low f 
and a small w0, so that the FWHM of the beam-offset measurements is mainly 
determined by the heat diffusion and not by laser spot sizes. We illustrate the 
importance of a low f and a small w0 by plotting the sensitivity of the FWHM 
of the beam-offset measurements to ΛTP, ΛZZ and ΛAC in Fig. 4.9b. We thus 
employed f = 0.5 MHz in our measurements of ΛZZ and ΛAC, much smaller than 
1.6 MHz used by Zhu et al.[106] and by Jang et al.[8] With the low f, heat 
diffuses up to 50 µm in either side of the laser beam, see Fig. 4.10c. Thus, we 
argue that to derive the intrinsic thermal conductivity tensor of bulk BP for down 
to 80 K, the sample size should be at least 100 µm. 
We also ensure that our approach to determine the crystallographic 
orientations by polarized Raman spectroscopy is accurate. We intentionally 
rotated the samples by as large as ±30 and plot the derived thermal conductivity 
as a function of the angle relative to the presumptive ZZ axis, see Figs. 4.10b 
and 4.10d. We find that the measurements form a symmetric ellipse with the 
major and minor axes of 83 W m-1 K-1 and 28 W m-1 K-1 at 300 K, as well as of 
360 W m-1 K-1 and 130 W m-1 K-1 at 80 K, as expected from the rotation of the 
81 
 
thermal conductivity tensor of BP. 
 
Figure 4.10 (a, c) Beam-offset TDTR measurements of BP-1 along the ZZ and 
AC axes as labelled, (a) at 300 K using w0 = 2.5 µm and f = 0.5 MHz, and (c) at 
80 K using w0 = 5 µm and f = 0.5 MHz. Three sets of measurements are plotted 
concurrently: one measured when the angle between ZZ axis and x-scan 
direction is 0˚ (red squares), one measured after the sample was  rotated by 90˚ 
(blue triangles), and one after the sample was stored under ambient conditions 
for 6 months (black circles). The green lines are fits of a thermal model. (b, d) 
Thermal conductivity of black phosphorus at (b) 300 K and (d) 80 K derived 
from the beam-offset TDTR measurements on BP-1 (black circles), BP-2 (red 
triangles) and BP-3 (blue hexagons), as a function of the angle between the 
beam-offset scanning direction and the ZZ axis of the BP samples. The green 
lines are amplitudes of orthogonal components of the thermal conductivity 
tensor under rotation about the TP axis, with the major and minor axes of 83 W 
m-1 K-1 and 28 W m-1 K-1 at 300 K, and of 360 W m-1 K-1 and 130 W m-1 K-1 at 
80 K.  
 
 We performed 5 measurements on 3 BP samples and obtained similar 
values for ΛZZ, ΛAC and ΛTP, see Table 1 for a summary of our measurements 
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at room temperature. On average, we acquired ΛZZ = 83 ± 10 W m-1 K-1, ΛAC = 
28 ± 5 W m-1 K-1, and ΛTP = 6.5 ± 0.8 W m-1 K-1. For ΛZZ and ΛAC, our values 
are similar to the values obtained by Zhu et al. and Jang et al., but for ΛTP, our 
value is >25% higher than prior measurements. We argue that prior ΛTP is 
artificially low because the measurements were performed with f = 9-10 MHz, 
see the discussion below.[114] Our values thus represent the thermal 
conductivity tensor of bulk BP. 
Table 1. Summary of all the measurements at 300 K. The unit is W m-1 K-1. 
 w0=2.5 µm, f=0.5MHz w0=5 µm, f=0.5MHz w0=25 µm, f=0.5MHz 
 ΛZZ ΛAC ΛZZ ΛAC ΛTP 
BP-1 80.4 ± 10 26.4 ± 5 84 ± 11 28 ± 6 6.5 ± 0.8 
BP-2 85 ± 10 28 ± 5 86 ± 11 30 ± 6  
BP-3 79.2 ± 10 27.6 ± 5    
4.4 Data analysis for beam-offset TDTR measurements 
The beam-offset TDTR will lead to a measurement as in Fig. 4.10a, 
where FWHM of Vout is used to calculate ΛZZ and ΛAC. To extract ΛZZ and ΛAC, 
we first fit the measurements using an isotropic thermal model,[58, 61] i.e. 
assuming ΛZZ = ΛAC, which is shown as green lines in Fig. 4.10a. Such fit will 
give us the initial guess of ΛZZ and ΛAC (ΛZZ, 1 = 87.5 W m-1 K-1, ΛAC, 1 = 24.2 
W m-1 K-1). This is the first iteration.  
 Although the sensitivity to ΛAC (ΛZZ) of the FWHM along ZZ (AC) 
direction in beam-offset measurement is rather small (for example, the 
sensitivity to ΛZZ is 0.227 while is 0.019 to ΛAC when pump and probe beams 
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offset along ZZ direction for the case of Fig.4.10a), the anisotropy of in-plane 
thermal conductivity should not be neglected. Thus, we calculate the FWHM 
using the anisotropic thermal model[58] with ΛZZ,1  and ΛAC,1 as the input, the 
results of second iteration are shown in Fig. 4.11. 
 
Figure 4.11 The 2nd iteration: Calculated FWHMs when pump and probe beams 
offset along ZZ (FWHMZZ) and AC (FWHMAC) directions. The calculation is 
based on the anisotropic thermal model with ΛZZ, 1 = 87.5 W m-1 K-1 and ΛAC, 1 
= 24.2 W m-1 K-1 as input. The experimental values (FWHMZZ =11.20 µm and 
FWHMAC =9.03 µm) are used to extract ΛZZ, 2 and ΛAC, 2. 
 By comparing the FWHMs we measured with those calculated as in 
Fig.4.11, we then get the second set of ΛZZ and ΛAC (ΛZZ, 2 = 79.7 W m-1 K-1, 
ΛAC, 2 = 26.6 W m-1 K-1), which is ~10% larger or smaller than the initial values 
we get from the isotropic assumption. 
 Then, for the 3rd iteration, we put the second data set ΛZZ, 2 and ΛAC, 2 as the 
input in the anisotropic thermal model, the calculated FWHM is shown in Fig. 
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4.12. The third set of ΛZZ and ΛAC will be extracted, and the values (ΛZZ, 3 = 
80.4 W m-1 K-1, ΛAC, 3 = 26.4 W m-1 K-1) have a difference of <1% with ΛZZ, 2 
and ΛAC, 2. 
 
Figure 4.12 The 3rd iteration: Calculated FWHMs when pump and probe beams 
offset along ZZ (FWHMZZ) and AC (FWHMAC) directions. The calculation is 
based on the anisotropic thermal model with ΛZZ, 2 = 79.7 W m-1 K-1 and ΛAC, 2 
= 26.6 W m-1 K-1 as input. The experimental values (FWHMZZ =11.20 µm and 
FWHMAC =9.03 µm) are used to extract ΛZZ and ΛAC. 
 Since ΛZZ, 3 and ΛAC, 3 are already very close to ΛZZ, 2 and ΛAC, 2, another 
iteration for calculation of FWHM using the anisotropic model with ΛZZ, 3 and 
ΛAC, 3 as input are unnecessary. Nevertheless, we still calculate them and find 
that it gives the same thermal conductivities as ΛZZ, 3 and ΛAC, 3.  
 All together, we need at least 2 iterations to get the final results of ΛZZ and 
ΛAC: the first one calculated using isotropic thermal model with the following 1 
or 2 iterations using anisotropic thermal model. These steps apply to 
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measurements at all temperatures since the aspect ratios of ΛZZ and ΛAC are 
similar. Since the calculation using anisotropic thermal model is compute-
intensive (calculating one FWHM might need more than several hours 
depending on the heat penetration depth. For example, each point calculated 
above need 2 hours on dual hexa-core Intel X5650 2.66GHz processors using 
MATLAB parallel computing toolbox), 2 iterations will be good enough to get 
ΛZZ and ΛAC with computing uncertainties <1%. 
 We evaluate the measurement uncertainty of ΛTP, ΛZZ and ΛAC using 
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  (4.1) 
where Δα/α is the uncertainty of parameter α, δϕ is the phase uncertainty. Please 
note that the uncertainty of phase is not considered in beam-offset TDTR 
measruements, since the the out-of-phase signal at -100ps is insentivite to phase, 
which result in a much lower measurement sensitivity of FWHM to phase 
comparing with TDTR measurements. 
 For beam-offset TDTR, we first calculate the uncertainty of FWHM. The 
uncertainty of FWHM will be translated to uncertainty of ΛZZ and ΛAC by 
86 
 
FWHM – ΛZZ and FWHM – ΛAC plots, as shown in Figures 4.11 and 4.12. 
4.5 Results and discussion  
We compare the derived ΛTP, ΛZZ and ΛAC in the temperature range of 80 – 
300 K to first-principles calculations of the thermal conductivity of bulk BP by 
Zhu et al.[106] and of phosphorene by Jain et al.,[105] Zhu et al.[106] and Li 
et al.[19] in Fig. 4.13. We find that within the temperature range, all three 
components of the thermal conductivity tensor are inversely proportional to T, 
as predicted by the first-principles calculations. The T-1 dependence suggests 
that, in all crystallographic orientations, heat is carried mainly by phonons that 
are all predominantly scattered by Umklapp processes, despite the anisotropy 
that we observed in the thermal conductivity. Our measured thermal 
conductivity tensor are 30% (9%) lower than the ΛZZ (ΛAC) predictions by 
thermal conductivity of phosphorene by Jain et al.,[105] see Fig. 4.13. We 
attribute the reduction in ΛZZ and ΛAC of bulk BP to enhanced scattering of out-
of-plane ZA phonons in bulk BP compared to that in phosphorene, similar to 
enhanced scattering of ZA phonons in graphite compared to that in graphene[50, 
115]. Jain et al. calculated that for phosphorene, ZA phonons contribute ~31 % 





Figure 4.13 Temeperature dependence of the anisotropic thermal conductivity 
tensor of black phosphorus, derived from measurements on BP-1 (black solid 
circles) and BP-2 (red solid triangles). All measurements were perfomed using 
f = 0.5 MHz. For measurements of ΛTP, we used w0 = 25 µm, while for 
measurements of ΛZZ and ΛAC, we used w0 = 5 µm. For comparison, prior 
measurements of polycrystalline BP by Slack (blue open cicles, Ref. [116]), of 
a 170-nm-thick BP nanoribbon by Lee et al. in ZZ and AC directions (green 
open triangles, Ref. [104],) and of graphite by Nihira et al. (orange open 
diamonds, Ref. [117]) are also plotted. Solid lines and dashed lines are first-
principles calculations of the thermal conductivity tensor of bulk BP and 
phosphorene, respectively, by Jain et al. (green, Ref. [105]), Zhu et al. (megenta, 
Ref. [106]) and Li et al. (blue, Ref. [19]). 
We present the thermal conductance (G) of Al/BP interfaces in Fig. 4.14. 
From the temperature dependence, we confirm that heat is mainly carried by 
phonons across the BP interface. At 300 K, we find that G = 72 MW m-2 K-1; 
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this value of G is stable over a period of >6 months, indicating that our BP 
samples did not degrade over time. G of Al/BP is nearly twice of G of 
NbV/AlOx/BP[8] and TbFe/BP[106], probably due to the AlOx layer or possible 
partial oxidation of BP surfaces in their samples. The thermal conductance of 
metal contacts on BP is also higher than the corresponding thermal conductance 
of metal contacts on graphite[118] and graphene, probably due to better match 
of the Debye temperature between the metal and BP. 
 
Figure 4.14 Temeperature dependence of interfacial thermal conductance of 
Al/BP. Our values (black circles) are nearly twice larger than that of TbFe/BP 
(pink triangle) and NbV/AlOx/BP (red square). For comparasion, we also plot 
thermal conductance of Al/HOPG (orange open diamonds),[118] Al/single-
layer-graphene(SLG)/Cu (orange open circles)[119] and Al/MoS2 (blue open 
triangle)[120]. 
To further understand the physics of anisotropic heat transport in BP, we 
employ the frequency dependent TDTR measurements[42, 44] and first-
principles based phonon Boltzmann transport equation (BTE) calculations,[121] 
two powerful tools that were recently developed to study phonon mean-free-
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paths. Frequency dependence of TDTR measurements has been developed into 
a convenient approach to probe the mean-free-paths of phonons,[42, 44] even 
though questions on how to accurately interpret the measurements (e.g., how to 
handle the nonequilibrium heat transfer across the interfaces[77]) still remain. 
We previously solved the Boltzmann transport equation on a semi-infinite solid 
using a boundary condition relevant to TDTR and FDTR, and showed that as 
long as the distribution of phonon mean-free-path is sufficiently wide (e.g., in 
alloys when heat is carried mainly by low-energy phonons[77]), the apparent 
thermal conductivity measured by TDTR could be crudely approximated by 
assuming an additional boundary scattering at a characteristic length of Lc = 
2d.[114] Since the phonon mean-free-paths in BP span more than two orders of 
magnitude according to our first-principles calculations, see below, the use of 
the criterion Lc = 2d should be acceptable. We emphasize that the thermal 
conductivity accumulation function derived using this simplified approach only 
gives a crude approximation to the distribution of phonon mean-free-paths in 
BP.  
We first compare the apparent through-plane thermal conductivity ΛTP 
that we derived from our frequency-dependent TDTR measurements with a 
modulation frequency of 0.5 ≤ f ≤ 10 MHz, to prior measurements on BP and 
graphite flakes, see Figure 4.15a. We plot our frequency dependent ΛTP at 80 K, 
150 K and 300 K as a function of Lc = 2d. We observe a considerable Lc 
dependence for the apparent ΛTP; ΛTP does not converged even when Lc = 1 μm. 
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From the Lc dependence, we expect that the phonon mean-free-paths along 
through-plane direction are relatively long, although the thermal conductivity is 
low. In the same figure, we also plot prior measurements of ΛTP of BP and 
graphite flakes, as a function of either 2d or film thickness h, whichever smaller. 
We find that prior measurements on BP flakes agree well with our frequency-
dependent measurements. 
 
Figure 4.15. Anisotropy in the mean-free-paths of phonons in BP. (a) Frequency 
dependent TDTR measurements of the through-plane thermal conductivity (ΛTP) 
(solid circles) at 80 K (black), 150 K (blue) and 300 K (red), compared to 
measurements on BP flakes with thickness of 138 - 552 nm by Jang et al.[11] 
(red squares), measurements of BP flakes at 9.1 MHz by Zhu et al.[4] (megenta 
triangles), and through-plane thermal conductivity of graphite flakes (open 
symbols) by Fu et al.[16] (open circles) and Harb et al.[32] (open squares). All 
measurements are plotted as a function of a charateristic length LC=2d or flake 
thickness h, whichever smaller, as defined in main text. (b) Thermal 
conductivity accumulation along zigzag (ZZ), armchair (AC) and through-plane 
(TP) directions from our first-principles calculations. The accumulated thermal 
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conductivity calculated from the first-principles calculations is normalized by 
the respective bulk thermal conductivity. (c) The relaxation times () of 
longitudial (LA) and transverse (TA1 and TA2) phonon modes along the high-
symmetry axes of BP, as a function of angular frequency () of phonons. 
 
To gain more insights on the Lc-dependent thermal conductivity in BP, 
we perform BTE calculations of heat conduction along the through-plane 
direction of BP by sandwiching BP between hot and cold reservoirs with a 
distance of Lc apart, which provides additional boundary scattering mentioned 
above. The calculated through-plane thermal conductivity with an additional 
boundary scattering at Lc, as shown in Figure 4.15a, agrees well with both our 
frequency-dependent measurements and prior reported measurements on BP, 
for all three temperatures. As seen from Figure 4.15a, the through-plane thermal 
conductivity corresponding to Lc = 10 nm, 100 nm and 1 μm is around 16 %, 
53 % and 87 % of the bulk value, respectively, at 300 K. Our results thus provide 
a credible explanation to why Zhu et al.[106] obtained a ΛTP ~25 % smaller than 
the intrinsic value, i.e., they performed the measurements using f = 9 MHz with 
the 2d only 600 nm and thus heat transport by a substantial portion of 
nonequilibrium phonons were not measured in their experiments.  
Since the Lc-dependent thermal conductivity comes from the long mean-
free-path, in Figure 4.15b, we directly plot the thermal conductivity 
accumulation function[122] along TP axis at 80 K, 150 K and 300 K, calculated 
from our first-principles model, as a function of phonon mean-free-path . 
Thermal accumulation functions along ZZ and AC directions are shown in Fig. 
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4.16. The accumulation functions are normalized by their corresponding bulk 
thermal conductivity.[106] The mean-free-path distribution at 300 K spans from 
several nanometers to several microns. The phonons with long mean-free-path 
phonons along TP direction should be related to low frequency acoustic 
phonons. For example, the mean-free-path of the LA phonon mode along TP 
direction with a frequency of 1 THz is around 1.6 μm, considering the sound 
velocity is around 4600 m/s from the calculated phonon dispersion and a phonon 
lifetime of 400 ps, as discussed below.  
 
 
Figure 4.16. Thermal conductivity accumulation along zigzag (ZZ), armchair 
(AC) and through-plane (TP) directions from our first-principles calculations at 
300 K. The accumulated thermal conductivity is normalized by the respective 
bulk thermal conductivity. 
 
To understand the origins of the anisotropy in the thermal conductivity 
of BP, we first examine the phonon disperison of BP along the principal axes 
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(ZZ, AC and TP). The sound velocity (group velocity of low-frequency LA 
modes) is 8300, 4800, 4600 m/s along the three directions, showing anistropicity. 
The large difference of group velocity between ZZ and AC directions should be 
an important origin of the anisotropy of their thermal conductivity. We also 
notice that the difference of the sound velocity along AC and TP directions are 
small. However, from the phonon dispersion, the phonon branches other than 
LA branch along TP direction are rather flat compared with the two basal-plane 
directions. Therefore, the group velocity should be responsible for the 
anisotropy between TP direction and basal-plane directions to some extent. 
Since thermal conductivity is also dependent on the phonon relaxation (lifetime) 
time, we plot the phonon lifetime  of the longitudinal (LA) and transverse (TA1 
and TA2) phonons in BP along the principal axes (ZZ, AC and TP) in Figure 5c. 
Interestingly, we find that  roughly scales with 2 for LA and TA2 phonons but 
roughly scales with  for TA1 phonons along all principal axis directions in the 
frequency range we calculated, but with different scattering strengths. When the 
vibrations and the propagation directions of phonons are within the basal planes 
(i.e., LA and TA2 phonons along ZZ and AC axes), the relaxation times of the 
phonon modes are rather isotropic in directions and are determined primarily by 
phonon frequency , see Figure 4.15c. The scattering of these in-plane vibration 
modes is relatively weaker. On the other hand, when the vibrations or the 
propagation directions of phonons are out-of-plane (e.g., LA and TA1 phonons 
along the TP axis and TA1 phonons along the ZZ and AC axes), phonons are 
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much strongly scattered with clear anisotropy. The results thus suggest that the 
anisotropy of ΛZZ and ΛAC in the basal planes is mainly due to anisotropy in the 
phonon dispersion, while the anisotropy of ΛTP and basal-plane thermal 
conductivity is due to both phonon dispersion and relaxation time. 
 
4.6 summary 
 In summary, we performed both frequency-dependent and beam offset 
TDTR measurements and the first-principles calculations on the thermal 
conductivity tensor of bulk BP in the temperature range of 80  300K. Our 
measurements and calculations provide consistent results. We derive the 
following important conclusions. 1) We observe a T-1 dependence for the all 
three components of the thermal conductivity tensor and thus conclude that 
phonons are mainly scattered by the Umklapp processes in all crystallographic 
orientations in BP. 2) We obtain the intrinsic through-plane thermal conductivity 
of BP through frequency-dependent TDTR measurements and observe a 
considerable frequency dependence in the through-plane thermal conductivity 
measurements. Our measurements suggest that the phonon mean-free-paths are 
rather long in the through-plane direction. 3) From our first-principles 
calculations, we find that in BP, approximately,   2 for LA and TA2 phonons, 
but   for TA1 phonons in the frequency range we studied. Also  is mostly 
isotropic in directions when the vibrations and the propagation directions of 
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phonons are in-plane (LA and TA2 phonons along ZZ and AC axes), but the 
scattering is strongly enhanced when the vibrations or the propagation 
directions of phonons are out-of-plane (e.g., LA and TA1 phonons along the TP 
axis and TA1 phonons along the ZZ and AC axes). We thus conclude that the 
anisotropy in the relaxation times only contributes to the anisotropy in the 
through-plane thermal conductivity, but not the anisotropy in the thermal 
conductivities along the basal planes. Our experimental and theoretical studies 






Threading Dislocations Mediated Anisotropic 
Phonon Transport in InN Film 
5.1 Motivation 
In epitaxial grown semiconductor thin films, threading dislocations (TD), 
are inevitably generated with the lattice mismatch between the film and 
substrate [123]. It is well known that dislocations are of great influence on 
semiconductor properties, such as carrier density, mean free path of electrons 
and phonons, etc.[124-126] In a various of important semiconductors, 
especially III-V compound semiconductors, including GaN, GaAs, InN, AlN, , 
TDs are very common and there have been substantial efforts to reduce the 
density of TD since it is deleterious for most electrical and optoelectrical 
applications. For example, GaN based multilayer heterostructures are used 
widely in a various of applications such as LED or high-speed transistors. The 
existence of threading dislocations would greatly affect their electrical and 
thermal performance [127], since carriers (electrons and phonons) will be 
scattered by such imperfection. 
There are two forms of TD: the edge type and the screw type dislocations. 
Detailed description of the two dislocations can be found in refs. [128, 129]. In 
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real crystals, however, TDs can also exist with mixed edge type and screw type 
dislocations.   
While there has been enormous attention on how electrical performance 
was affected by TDs, only a few papers have been on the study of its effect on 
thermal performance, among which experimental work are far less than the 
theoretical work [130-132]. The mechanism of phonon scattering by threading 
dislocations have been proposed for more than half a century. P. G. Klemens 
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  (5.2) 
for edge type threading dislocations. η is the orientation factor: η=0 when 
dislocation parallel to temperature gradient while η=1 when dislocation 
perpendicular to temperature gradient. N is dislocation density, b is the Burgers 
vector, ν is Poisson’s ratio and VL and VT are the longitudinal and transverse 
sound velocities.  
 Phonon scattering at the dislocation core are also taken into consideration 















   (5.3) 
where V0 is the volume per atom and V is the average sound velocity. The 
overall phonon scattering rate by threading dislocation with mixed type TDs can 
be written as  
 
1 1 1 1
TD edge screw core   
     (5.4) 
Klemens’ theory was soon found to be insufficient to account for the 
thermal conductivity reduction in LiF crystals with TDs by Sproull et. al.[133]. 
Carruthers [134-136] then consider the long-range strain filed and introduce the 
cross-section of the affected area of edge-type TDs into the expression of 
relaxation time of phonon scattering by TDs. Define R as the radius of the cross-
section of strained lattices due to a single TD, the phonon relaxation time then 
can be written as 
 
2 2 21 1 [ln( / )]
3edge
Nb R b 

   (5.5) 
 where 1/2R nN  , n is the number dislocations that lying in the same slip 
plane. For screw-type TDs, the scattering rate is much smaller due to smaller 
cross-section of strained lattices and is similar with Klemens’ expression. For 
both Klmens’ and Carruthers’ expressions, the frequency dependence of 
scattering rate by threading dislocations are the same. 
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There are a few experimental studies of phonon scattering by TDs [137-
141]. However, accurate evaluation of scattering strength of phonons by TDs is 
very hard in previous experiments since it is not possible to exclude the effect 
of phonon scattering by other lattice imperfections, for example, phonon 
scattering by point defects or by impurities. Especially for the cases that TDs 
are formed by deformations of crystals, other types of lattice imperfections such 
as point defects are inevitably formed. And the densities of such imperfections 
are hardly accurately measured, thus exclude the effect of phonon scattering by 
these imperfections is hard to achieve. 
In order to accurately study the effect of phonon scattering of TDs, we 
consider the anisotropic nature of it, as can be seen in Eqs. 5.1 and 5.2, that 
phonon scattering is strongest in the plane perpendicular to the orientation of 
TDs. It means that if there is a material with highly oriented rather than 
randomly distributed threading dislocations, we can extract the scattering rate 
of phonons by studying the anisotropy in thermal conductivity. 
 In order to see the anisotropy in thermal conductivity, we must know how 
strong the phonon scattering rate is by threading dislocations. For a certain 
material, the Burgers vector is certain. So the only parameter that can change 
the scattering rate of phonons is the threading dislocation density. Zou et. al. 
predicate that the thermal conductivity will start to reduce when the threading 
dislocation density N>1011 cm-2 at room temperature [131, 132], which is not a 
100 
 
small value and hard to achieve. However, this estimation is only at room 
temperature.In a material without dislocations or imperfections, the thermal 
conductivity of crystals is predominately determined by Umklapp scattering at 
high temperatures and boundary scattering at low temperatures. So at high 
temperatures, we can hardly see the effect of phonon scattering by dislocations, 
since the Umklapp scattering is so strong. Since the scattering rate of Umklapp 
scattering is a function of T while that of threading dislocation do not depends 
on T, we can reduce the temperature to reduce the effect of Umklapp scattering, 
while the scattering rate of threading dislocations keep unchanged with 
temperature. 
5.2 Sample structure 
Our collaborator at TUM can grow high quality InN film using molecular 
beam epitaxy (MBE). InN usually was grown on GaN/Sapphire substrate, and 
InN with thickness larger than 3 µm is extremely hard to grow. Normally our 
InN film is 1.5 µm -2 µm thick. The as-grown InN film has a wurtzite structure, 
which is similar to other III-N semiconductors such as GaN and AlN.  
At low temperature, e.g. 80 K, the thermal conductivity of bulk InN is 
predicted to be ~600 W m-1 K-1 [142], and the heat penetration depth is ~4 µm 
when the modulation frequency of pump beam in TDTR is 10 MHz and is ~20 
µm when the modulation frequency is 0.5 MHz. In the frequency range of 0.5 
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MHz – 10 MHz, which is the frequency range of pump beam of our TDTR 
system, the heat flow can easily penetrate through the InN film. And since GaN, 
the substrate used to grow InN which lies beneath of InN, is a better thermal 
conductor than InN, it makes accurate measurements of both in-plane and 
through-plane thermal conductivity impossible with such a structure of 
InN/GaN/Sapphire, except that InN film is more than 20 µm thick, which is 
impossible for our current growth method. 
We then proposed a new structure shown in Fig. 5.1 to make sure accurate 
measurement of in-plane thermal conductivity possible even at 80 K, the lowest 
temperature that can be achieved in our lab. We grow a separate barrier layer – 
InGaN layer- between InN and GaN, to enhance the heat flow in-plane in InN 
film. With such structure, the measurement uncertainty of in-plane thermal 
conductivity of InN film will be reduced to as low as 10% at 80 K, while it 
would be more than 100% with the same measurement parameters when 




Figure 5. 1 Proposed structure to study the anisotropic phonon scattering by 
threading dislocations in InN film. 
  
 For through-plane thermal conductivity measurement, especially at 80 K, 
we cannot reach the uncertainty level that we normally achieved for TDTR 
measurements (<10%). We then use the newly developed technique, dual 
frequency TDTR approach, to reduce measurement uncertainties. [143] The 
measurement uncertainty at low temperature is still high, for example, the 
measurement uncertainty of through-plane thermal conductivity can be as high 
as 50% at 80 K, but has been reduced significantly comparing with that 
measured using conventional TDTR without the dual-frequency approach. 
Future improvement of measurement accuracy of through-plane thermal 




5.3 Determine the density of threading dislocations 
To estimate the density of threading dislocations, normally we perform X-
ray rocking curve measurement first and then use TEM images to calibrate the 
X-ray rocking curve results. For the 4 samples that used in our measurements, 
the threading dislocation density was determined to be 5 ×109 cm-2, 7 ×109 cm-
2 and 1×1010 cm-2 and 3×1010 cm-2. The TEM images of the sample with 
threading dislocation density of 1×1010 cm-2 are shown in Fig. 5.2. In Fig. 5.2, 
we denote the types of the threading dislocations, and find that nearly half of 




Figure 5.2 Cross-section TEM image of InN sample with threading dislocation 
density ~1×1010 cm-2. The dislocation type is marked with m (mixed type 
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dislocation), e (edge type dislocation) and s (screw type dislocation). Most of 
threading dislocations are perpendicular to the sample surface. 
 
5.4 Measurement of in-plane and through-plane thermal 
conductivities of InN with threading dislocations  
The through-plane thermal conductivity of InN was measured using TDTR 
via a newly developed dual-frequency approach. Before we conduct TDTR 
measurement, we calculated the sensitivity plots to determine which frequencies 
to be used. Based on Fig. 5.3, I choose high frequency fh=20 MHz and low 
frequency fl=5 MHz to conduct dual frequency TDTR measurement, to reduce 
the sensitivity to hInN, CInN while maintain the sensitivity to through-plane 





Figure 5. 3 Sensitivity of TDTR measurements to the parameters that included 
in the thermal model as a function of modulation frequency f of pump beam at 
80 K. 
For through-plane measurement, I use spot size of 25 µm. For in-plane 
measurement, I use spot size of 2.5 µm and modulation frequency f=0.5 MHz. 
5.5 Results and discussion 
Our measured through-plane and in-plane thermal conductivities of all 
four InN samples are shown in Fig. 5.5. For all the samples, we find that the 
through-plane thermal conductivities are ~40% lower than the through-plane 
thermal conductivity of bulk InN predicted by first-principles calculations by 
Ma. et. al. We attribute the reduction to the additional scattering of phonons by 
point defects in the InN films. We observed a temperature dependence of T-1 for 
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ΛTP, similar to that of the first-principles calculations of bulk InN, suggesting 
that phonons are predominantly scattered by the Umklapp processes in the 
through-plane direction. However, for in-plane thermal conductivity Λin, while 
at 300 K Λin similar to ΛTP, at 80 K Λin is about 5 times lower than the ΛTP value 
at 80 K. The strong anisotropy at low temperatures suggests that there is an extra 
phonon scattering mechanism in the in-plane direction, which is perpendicular 
to the direction of dislocations. We attribute the anisotropic reduction of thermal 
conductivity at low temperatures to anisotropic scattering of phonons by 
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Figure 5. 4 Measured in-plane thermal conductivities (solid symbols) and 
through-plane thermal conductivities (open symbols) of InN with 4 dislocation 
densities: 5 × 109 cm-2 (green), 7 × 109 cm-2 (magenta) 1 × 1010 cm-2(blue) and 
3× 1010 cm-2 (red). The samples have the same structure as shown in Fig. 5.1. 
but with different dislocation density. The black solid and dashed lines are 
through-plane and in-plane thermal conductivities, respectively, from first 
principle calculation [130]. The red solid lines are calculated through-plane 
thermal conductivities based on our RTA model, while the green, magenta and 
blue solid lines are calculated in-plane thermal conductivities based on our RTA 
model. I also calculated the in-plane thermal conductivity with threading 
dislocation density of 7 × 109 cm-2 according to Klemens’ expression (orange 
dashed lines) and Carruthers’ expression (brown dashed lines) for comparision. 
 
For thermal conductivity of wurtzite crystals, such as GaN and InN, it is 
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usually believed to be isotropic, that the through-plane (along c-axis or [0 0 1] 
direction) thermal conductivity is the same as in-plane thermal conductivity. 
Lindsay et. al.[53] calculated the through-plane and in-plane thermal 
conductivities of GaN using first-principles approach, and find that the max 
difference between the two thermal conductivities is ~3% at temperature range 
from 100 K – 500 K. However, Ma et. al. [130, 144]suggested a larger intrinsic 
anisotropy based on their first-principles calculations of GaN, AlN and InN. 
They predict that the anisotropy of thermal conductivity is ~20% at 100 K and 
9% at 80 K for InN. The different conclusion of Lindsay et. al.’s and Ma et. 
al.’s calculation might originate from the calculation of phonon dispersion. 
Since Ma et. al.’s first-principles calculation is the most detailed one (or the 
only first-principles calculation to the best of my knowledge) on InN thermal 
conductivity to date, we will use a relaxation time approximation model to fit 
their values. The slight anisotropy of InN from Ma et. al.’s first-principles 
calculations will hardly affect our conclusion, since the observed anisotropy in 
our experiments is much stronger.    
We use a relaxation time approximation (RTA) model to estimate the 
phonon scattering rate by threading dislocations. We use a truncated linear 
dispersion of phonons. The sound velocities are calculated from phonon 
dispersions as well as elastic constants. [145, 146]. For in-plane direction, the 
sound velocities of LA and TA phonons are 5280 m/s and 2510 m/s, respectively. 




Figure 5. 5 Phonon density of states of InN from first-principles calculations 
(circles, Ref. [147]) and from our truncated linear dispersion (lines).  













  , where L
UB  and
T
UB  are two free 
parameters to fit the temperature dependent thermal conductivity of InN as well 
as the cumulative thermal conductivity from first-principles. See Fig. 5.6 for the 
fit. I found that when 191.8 10LUB
  and 191.65 10TUB
  , both temperature 







Figure 5.6 Cumulative thermal conductivity of InN from first-principle 
calculation (solid lines) and from our RTA model (dashed lines) while only 
Umklapp process is considered.  
I then add boundary scattering, phonon scattering by point defects as well 
as by TDs add into the model to fit our results.  
 For through-plane thermal conductivity, I calculated the through-plane 
thermal conductivity of InN with phonon scattering by point defects and 
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boundary considered, see the red lines of Fig.5.4. After the fit, I then add the 
phonon scattering of TDs to calculated in-plane thermal conductivity. 
 I first consider the Klemens’ and Carruthers’ expression for phonon 
scattering of TDs, see equations 5.1-5.5. Since our TDs are half edge type and 
half mixed type, I then assume all the TDs are edge type, since the scattering 
rate of edge type TDs and screw type TDs are similar in Klemens’ expression 
while the scattering rate of edge type of TDs are much stronger than screw type 
TDs in Carruthers’ expression. That means that in Klemens’ expression it is no 
need to differentiate the two type of TDs, while in Carruthers’ expression only 
edge type TDs are considered. 
 The calculated in-plane thermal conductivity are shown as brown dashed 
lines for Klemens’ expression and red dashed lines for Carruthers’ expression, 
in Fig.5.4. Surprisingly, we find that neither expression can fit our 
measurements, with Klemens’ expression underestimate the phonon scattering 
strength by TDs and Carruthers’ expression lead to a wrong temperature 
dependence. This might originate from the fact that in Klemens’ expression the 
cross-section area of TDs is not taken into consideration.  





   (5.6) 
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5.6  where n is the number of dislocations in one slip. Here I 
use n=1000 for the calculation using Carruthers’ expression. The 
parameter n can be seen as a free parameter that used to fit the 
measurements. However, change of this parameter will not 
change the temperature dependence of phonon scattering by 
dislocations. Future work 
For InN grown on GaN using MBE, the dislocation density has a very small 
range, which is not enough. I may find a more suitable material, such like GaN, 
whose dislocation density can vary by a factor of 100 or more. Also, since I need 
the measurement at low temperature, a material that can be grown thicker is 
more suitable. 
Although I get a good fit using the RTA model, a more rigorous calculation 






Conclusion and future work 
6.1 Conclusion 
In summary, I studied anisotropic phonon transport in two type of materials, 
namely, layered two-dimensional materials and materials with threading 
dislocations. In black phosphorus, the in-plane anisotropy is mainly induced by 
anisotropy of phonon dispersions with similar phonon relaxation times, while 
the through-plane anisotropy is the result of anisotropy of both phonon 
dispersions and relaxation times. In InN films with threading dislocations, the 
in-plane thermal conductivity is greatly reduced at 80 K while the though-plane 
thermal conductivity is still close to that of intrinsic thermal conductivity. Such 
anisotropy is the result of phonon scattering by threading dislocations, where 
only phonons travel perpendicular to the dislocations will be scattered.   
Besides, I also demonstrated how the leaked pump beam affect TDTR 
measurement, and pointed out it is the probe beam that modulated the leaked 
pump beam at the photodiode, which result in the artifact signal from leaked 
pump beam. Based on the above understanding of how leaked pump beam affect 
TDTR measurements, I developed a new method to measure samples with 
rough surface – the pump-leak correction approach. Knowing the proportional 
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constant α, we can deduct the contribution from leaked pump beam from out-
of-phase signal directly and do not need future treatment of measured data. I 
employed the pump-leak correction approach measured a series of materials, 
and obtained valid results. Generally, my method has higher measurement SNR 
than the two-tin approach. 
6.2 Future work 
 The future work includes 3 main parts. First, I would like to develop a new 
TDTR based technique to measure layer materials flakes, since heat will 
penetrate through the flakes and the flake/substrate interface will affect the 
measurements. The hardest part of this work lies on the thermal model, which 
would be too many parameters; as well as the signal sensitivity to the thermal 
conductivity. 
 Second, continue on my work on layered 2D materials. I would like to 
develop TR-MOKE technique to measure the thermal conductivity, since it has 
higher sensitivity when measuring in-plane thermal conductivity, as thick film 
of metal transducer would not be used. Then I will measure several important 
2D layered materials, to see if there are any new physics. 
 Third, finish my work of phonon transport in InN with threading 
dislocations. I would also like to try some new materials with threading 
dislocations to see if I have a chance to conduct a series of measurements with 
smaller uncertainties. That means, this material should be thick enough so that 
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I can do accurate measurements even at cryogenic temperatures. Moreover, the 
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